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20.  Abstract  (cont'd) 


by  NASA,  the  thermal  imagery  was  more  useful  than  the  color  or  color  infrared  (OR)  photographs  for  mapping  circula- 
tion, while  the  OR  photographs  were  moie  useful  than  the  thermal  imagery  or  the  color  photographs  lor  mapping 
intertidal  habitats.  Current  velocities  estimated  front  dye  dispersion  patterns  and  drifting  dye  drogues  were  comparable 
at  some  locations  to  velocities  measured  by  in  situ  current  meters  and  in  the  hydraulic  model.  Based  on  a cursory  evalu- 
ation of  LANDSA1-I  imagery  acquired  in  lanuaty,  I ebruary,  and  October  07 .1,  it  had  limited  utility  in  providing 
data  on  surface  circulation  patterns  in  Grays  Harbor.  I he  areal  disti  ibulion  and  extent  ol  nine  wetland  vegetation 
types,  dune  vegetation,  and  three  types  of  eelgrass  were  mapped  using  primarily  aerial  CIK  photographs  and  ground  sur- 
veys. Color  photographs  were  also  used  tor  areas  not  covered  b>  the  CIR  photographs.  Wetland  vegetation  types 
mapped  were,  low  silty  marsh,  low  sandy  marsh,  sedge  marsh,  high  immature  marsh,  high  mature  marsh,  salt 
marsh,  diked  pasture,  tieshwater  marsh,  and  wooded  swamp.  Undiked  salt  maish  (litst  five  types)  covered  5540 
acres  (22.  t km2)  in  Giays  Harboi . Dominant  salt  marsh  plants  include  Triglochin  maritinmm,  Sa/icornia  virglnica, 
Dvschampsia  cavspitosa,  Curvy  lynghyvi,  and  Distich! is  spicutu.  I he  eelgrass  beds  mapped  were  Zosteru  noltii 
(narrow  hladed),  "dense"  /.  marina  ( broad -bladed)  and  "sparse"  /.  marina.  "Dense"  and  "sparse"  /.  marina 
covered  5540  (22.5  km2)  and  5450  acres  (22  km2),  respectively,  in  D)7S;  /.  noltii  covered  680  acres  (2.74  km2). 

Most  eelgrass  occurred  in  North  Bay.  However,  “dense"  /.  marina  beds  were  significant  on  both  Mid-Harbor 
f lats  and  Whitcomb  I (.its.  /.  noltii  also  occurred  along  South  Channel  and  west  of  John's  River.  /.  noltii 
occurred  at  much  higher  intertidal  elevations  than  did  /.  marina,  forming  a band  of  vegetation  between  lower 
/.  marina  and  higher  salt  marsh  vegetation.  I he  substiate  where  the  noltii  is  found  is  usually  softer  with  more 
silt  and  loam  than  the  substrate  where  /.  marina , which  is  firmer  with  predominantly  sand,  is  found.  In  spite  of 
the  limitations  ot  remote  sensing  techniques,  they  have  important  advantages  compared  with  ship  surveys.  Based 
on  project  requirements,  remote  sensing  techniques  should  be  considered  reliable  tools  to  augment  conventional 
data  acquisition  techniques  in  operational  Corps  ol  engineers  projects. 
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ESTUARINE  PROCESSES  AND  INTERTIDAL 
HABITATS  IN  GRAYS  HARBOR,  WASHINGTON 
A Demonstration  of  Remote  Sensing  Techniques 

Lawrence  W Gatto 


INTRODUCTION 
Site  description 

Grays  Harbor  is  a large  tidal  estuary  located 
on  the  Pacific  coast  ot  Washington  approximate- 
ly 145  km  (90  mi)  southwest  ot  Seattle  (fig  1)  It 
is  29  km  (18  nu)  long  from  Aberdeen  to  Point 
Brown,  and  21  km  (1  ) mi)  wide  from  the  north 
shore  of  North  Bay  to  the  south  shore  of  South 
Bay  Tides  are  mixed,  with  two  uneyen  high  and 
low  tides  each  lunar  day  Mean  and  diurnal  tidal 
ranges  are  2 1 and  2 7 m (b  9 and  9 0 ft),  respec- 
tiyely.  at  Point  Chehalis  (National  Ocean  Suryey 
1971  and  1974)  These  values  increase  to  2 4 and 
11  m (7  9 and  10  1 ft)  at  Aberdeen  Maximum 
spring  high  tide  at  Aberdeen  is  1 8 m (12  S ft), 
maximum  spring  low  tide,  - 0 b m ( - 2 1 ft)  1 he 
estuary  is  usually  partially  mixed  (Barrick  197b), 
with  a significant  difference  between  surface 
and  bottom  salinity  concentrations  but  no 
distinct  saltwater  wedge  Harbor  water  is 
generally  well  mixed  after  extended  periods  of 
low  freshwater  discharge  (usually  from  May  to 
October)  but  stratified  during  periods  of  high 
discharge  (mid-October  through  April)  (Beverage 
and  Swecker  19b9) 

flow  reversal  of  the  Chehalis  River  occurs 
locally  because  of  tidal  action  and  saltwater  in 
trusion  extends  several  miles  upstream  from 
Montesano  (which  is  approximately  lb  km  (It) 
mi)  east  of  Aberdeen)  The  farthest  saltwater  in- 
trusion during  low  stream  discharge  is  just 
upstream  from  the  Montesano  bridge  on 
Highway  107  Intrusions  when  river  flows  are 
greater  than  141X1  in'  sec  (10. (XX)  ft'  sec)  extend 
only  to  Cosmopolis  Salinity  concentrations  just 
east  of  the  mouth  of  the  Wishkah  River  vary 
from  0 0 parts  per  thousand  (ppt)  (total  salt)  at 


lower  low  water  (ILW)  to  about  100  to  12  0 ppt 
at  higher  high  water  (HHW)  (Beverage  and 
Swecker  19b9)  The  horizontal  density  gradient 
from  the  entrance  to  the  upstream  limits  is  fairly 
uniform  The  surface  salinities  in  the  harbor  en- 
trance generally  average  about  1 0 to  2 0 ppt 
lower  than  the  bottom  salinities,  while  near  the 
upstream  limits  of  saltwater  intrusion,  the  sur- 
face salinities  average  about  .1  0 to  .1  0 ppt  lower 
than  the  bottom  salinities  (Brodgon  1972a) 

Local  climate  is  moist  maritime,  with  mild  dry 
summers  and  cool  wet  winters  Average  daily 
temperatures  in  |uly  range  from  10°  to  21  1°C 
(50°  to  70°F),  and  in  January,  from  1 1°  to  7 2°C 
(.14°  to  41°F)  Average  annual  temperature  is 
10°C  (.10  5°F)  Southwest  and  west  winds  prevail 
and  occasionally  exceed  (>4  km.  hr  (40  mph)  Nor- 
mal annual  precipitation  ranges  trom  178  to  254 
cm  (70  to  100  in  ),  and  approximately  78%  of  the 
precipitation  occurs  from  September  through 
March  The  number  of  clear,  or  partly  cloudy, 
days  each  month  is  4 to  7 in  winter.  8 to  15  in 
spring  and  fall,  and  15  to  20  in  summer  The 
amount  of  sunshine  received  is  approximately 
20%  in  winter,  10  to  50%  in  spring  and  fall,  and 
50  tob.5%  in  summer  Frequently  in  summer  and 
tall,  low  clouds  or  fog  move  inland  from  the 
ocean  at  night  and  dissipate  by  the  following 


Background  and  objectives 

Authority  for  maintaining  the  navigability  ot 
the  turning  basins  and  channels  leading  to  and 
within  the  harbor  was  given  to  the  Seattle 
District.  Corps  of  Engineers,  through  the  Rivers 
and  Harbors  Act  of  19.15  (and  later  modifica- 
tions) Annual  maintenance  dredging  is  required 
to  ensure  navigability  in  the  channels  leading  to 
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Figure  la  Location  map,  Cray's  Harbor,  Washington 


Figure  1b.  Location  map,  channels  and  shoals,  Grays  Harbor,  Washington 


Hoquiam,  Aberdeen  and  Cosmopolis  Dredging 
is  also  necessary  about  every  15  years  in  the 
Westhaven  Cove  channels  (U  S Army  Corps  of 
Engineers  1975)  The  Corps  of  Engineers  also  pro- 
vides for  the  construction  and  maintenance  of, 
and  improvements  to,  harbor  entrance  jetties, 
revetments,  groins,  and  breakwaters  (U  S.  Army 
Corps  of  Engineers  1971) 

Assessments  of  the  potential  impacts  that 
these  operational  and  maintenance  activities 
will  have  on  the  Grays  Harbor  environment  have 
been  prepared  for  evaluation  by  local,  state  and 
federal  agencies  (U  S Army  Corps  of  Engineers 
1975).  The  maintenance  dredging  activities  were 
adopted  in  1972  as  the  most  acceptable  alter- 
natives and  were  considered  temporary  and  part 
of  an  interim  short-range  plan.  This  plan  was 
abandoned  after  the  1975-1976  dredging  season, 
when  studies  on  current  dredging  effects  were 
completed.  Subsequently,  an  up-dated  En- 
vironmental Impact  Statement  was  prepared 
before  the  formulation  of  the  long-range  dredg- 
ing project. 

From  1972  to  1974  personnel  of  the  U S.  Army 
Cold  Regions  Research  and  Engineering 
Laboratory  conducted  a remote  sensing  research 
project  in  Cook  Inlet,  Alaska  (Gatto  1976).  The 
overall  objective  of  this  project  was  to  deter- 
mine the  feasibility  of  using  data  acquired  by 
satellite  and  aircraft  to  map  surface  water  cir- 
culation patterns,  and  sediment  and  tidal  flat 
distributions.  The  results  of  this  and  other  in- 
vestigations verified  the  utility  of  remote  sensing 
techniques  in  performing  these  tasks  (Cameron 
1952,  1962,  1965;  Keller  1963;  Ramey  1968; 
Duhaut  1972;  Meyer  and  Welch  1975) 

Lillesand  et  al.  (1975)  reported  that  aerial 
photographs,  when  used  in  conjunction  with 
limited  ground  truth  data,  can  be  used  to 
measure  and  delineate  waste  distributions  as 
reliably  as  conventional  surface  measuring 
techniques  and  in  more  detail.  Welch  and  Mun- 
day  (1977)  discuss  the  advantages  of  using  aerial 
photographs  to  describe  circulation  patterns  in 
tidal  estuaries.  Areas  of  high  shear  and  con- 
vergence in  the  surface  waters  can  be  delineated 
using  typical  surface  signatures,  i.e.,  a color 
boundary  or  line  of  foam,  that  are  easily 
recognizable  and  coherent  when  viewed  from  an 
aircraft  But  the  same  patterns  can  be  virtually 
unrecognizable  from  surface  vessels.  Dye- 
emitting  drogues  photographed  from  aircraft  are 
also  useful.  The  role  of  surface  vessels  is  reduc- 
ed to  providing  vertical  hydrographic  profiles 


and  precise  position  markers  for  resulting  aerial 
photographs. 

For  mapping  intertidal  habitats,  Cowardin  and 
Myers  (1974)  reported  that  proper  timing  of  air- 
craft flights,  use  of  multispectral  photographs, 
and  knowledge  of  the  ecology  of  the  area  were 
essential  for  remote  wetland  mapping.  In 
discriminating  species  of  salt  marsh  vegetation, 
color  infrared  photographs  is  of  special  value 
(Hefner  et  al.  1974).  Color  infrared  and  "true” 
color  photographs  were  used  by  Stroud  and 
Cooper  (1968)  to  map  salt  marsh  species  in  an 
Atlantic  coast  salt  marsh.  However,  Keller  (1963) 
concluded  that  aerial  photographs  (type  of  film 
not  specified)  were  not  adequate  for  the  mapp- 
ing of  eelgrass  distribution  in  Humboldt  Bay, 

California,  since  beds  of  green  algae  (U/va  sp. 
and  Enteromorpha  sp.)  are  not  distinguishable 
from  eelgrass  beds  in  the  photographs. 

To  facilitate  technology  transfer,  this 
demonstration  project  was  initiated  using  Grays 
Harbor,  Washington,  ?s  the  test  site.  Grays  Har-  V 

bor  was  selected  because  the  Seattle  District, 

Corps  of  Engineers,  has  several  studies  of  this 
harbor  underway;  oceanographic  baseline  data 
are  available;  and  the  harbor  is  especially  impor- 
tant since  future  coastal  zone  development  is 
expected  to  increase. 

The  primary  objective  of  this  project  was  to 
demonstrate  the  utility  of  remote  sensing  tech- 
niques in  acquisition  of  data  required  for  studies 
of  dredging  effects  and  related  projects  by  the 
Seattle  District,  Corps  of  Engineers.  Specific 
project  objectives  were  to: 

1.  map  circulation  and  sediment  distribution 
patterns  and  relate  these  patterns  to  dredge 
material  movement  and  redeposition 

2.  map  distribution  of  intertidal  habitats 

3.  monitor  pulpmill  effluents  near  Aberdeen 
and  relate  their  dispersion  to  surface  circulation 
patterns. 

Objectives  1 and  3 were  accomplished  by 
mapping  the  surface  currents  at  and  near  the 
hopper  dredge  dump  site  at  the  harbor  entrance 
and  at  the  eastern  end  of  the  harbor  where  * 
pulpmill  effluents  are  dumped  at  the  mouth  of 
the  Cliehalis  River.  Because  NASA  aircraft  mis- 
sions were  flown  at  times  when  dredging  and 
pulpmill  effluent  dumping  were  not  underway, 
the  circulation  and  sediment  patterns  analyzed 
were  not  related  to  these  activities.  Instead, 
uranine  dye  was  used  as  a tracer  to  analyze  sur- 
face circulation  patterns  at  and  near  the  dump 
site;  this  dye  was  used  to  simulate  the  movement 
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of  the  suspended  sediment  plume  which  normal- 
ly is  formed  during  dumping  operations  Similar 
dye  studies  at  the  pulpmill  outfall  could  be  used 
to  show  dispersion  patterns  that  would  likely 
form  when  the  effluent  is  released 

Seattle  District  personnel  consider  it  doubtful 
that  a significant  sediment  plume  is  formed  dur- 
ing hopper  dredge  dumping  operations  In  addi- 
tion, because  there  are  differences  between  the 
behavior  of  dyes  and  that  of  sediment  in  water 
there  may  not  be  a close  comparison  between 
the  dispersion  of  the  dye  and  of  fine  grained 
sediment  Also,  brown  sediment  is  not  as  distinct 
in  water  as  the  green  uranine  dye,  and  may  not 
be  as  easily  traced  This  shortcoming  may  be 
solved  by  applying  dye  to  the  sediment  in  the 
hopper  dredge  and  monitoring  the  dyed  sedi- 
ment once  it  is  released 

The  products  derived  using  remote  sensing 
techniques  were  evaluated  for  accuracy, 
reliability,  and  cost  effectiveness  as  compared 
with  conventional  data  products  In  addition, 
Seattle  District  personnel  assessed  the  remote 
sensing  data  products  for  this  operational  utility 


Project  history 

In  january  1974,  CRRtL  representatives  met 
with  personnel  from  the  Environmental 
Resources  Section,  Seattle  District,  Corps  of 
Engineers  Previous  remote  sensing  activities  at 
CRRE  L and  the  possible  utility  of  remote  sensing 
techniques  for  District  projects  were  discussed, 
i.e , in  determining  circulation  patterns  in  small 
boat  harbors,  in  detecting  beach  erosion,  and  in 
monitoring  dredge  spoils  A site  specific  applic  a- 
tion,  tracing  sediment  movement  along  f diz 
Hook  north  of  Port  Angeles  Harbor  (sediment  is 
derived  from  the  foot  of  sea  cliffs  and  the  Elwha 
River  located  west  of  the  hook),  was  also 
discussed  Investigations  in  Grays  Harbor, 
however,  were  specifically  identified  as  having 
high  priority  It  was  considered  that  aerial  im- 
agery might  be  used  in  determining  the  source  of 
sediment  (=  1 S28x  10“  ni'/yr)  (=  2X10“  yd'/yr) 
deposited  in  Grays  Elarbor  channels,  in  detecting 
the  migration  of  the  navigation  channels,  in 
delineating  areas  of  deposition  and  possible 
dredge  material  disposal  sites;  in  monitoring 
sediment  movement  during  various  tidal  stages, 
in  mapping  intertidal  habitats,  surface  circula- 
tion patterns,  and  dispersion  of  pulpmill  ef- 
fluents discharged  near  Aberdeen;  and  in  tracing 
sediment  movement  near  the  north  jetty  at  the 
entrance  to  Grays  Elarbor,  and  near  the 


Westhaven  small  boat  basin  near  Port  Chehalis. 
As  a result  of  these  discussions,  the  three 
previously  mentioned  objectives  were  selected 
and  this  cooperative  demonstration  project  was 
developed. 

APPROACH 

General 

NASA  provided  aircraft  support  commencing 
in  |uly  1974  Ground  truth  data  for  analyzing 
harbor  circulation  patterns  were  collected  by 
personnel  from  Grays  Harbor  College  (under 
contract),  the  Seattle  (district  and  CRREL,  and 
for  analyzing  intertidal  habitats,  by  personnel 
from  Washington  State  Department  of  Game 
(under  contract).  Data  analysis  began  with 
receipt  of  photographic  data  products  from 
NASA  The  utility  assessment  by  District  person- 
nel was  accomplished  in  two  man-months 

Initially,  a review  was  made  of  current 
literature  and  unpublished  reports  pertaining  to 
the  oceanography  of  Grays  Harbor 
Oceanographic  and  bathymetric  data  and 
historical  aerial  photographs  were  obtained 
from  the  Seattle  District,  Grays  Harbor  College, 
NASA,  and  other  state  and  federal  agencies. 
Temperature,  salinity  and  suspended  sediment 
distribution  and  surface  circulation  maps  were 
prepared  from  ground  truth  data  acquired  in  Ju- 
ly 1974  and  from  aircraft  imagery,  respectively. 
1 he  temperature,  salinity  and  sediment  maps 
were  used  to  characterize  water  types  and  cir- 
culation patterns,  and  were  compared  with  inter- 
pretations from  aircraft  and  satellite  imagery 

Field  surveys  and  vegetation  sampling  along 
transects  were  done  to  provide  the'  ground  truth 
data  for  mapping  the  intertidal  habitats  NASA 
NIMA  imagery  and  low  altitude  aircraft 
photographs  were'  used  to  analyze  surface  e ir 
dilation  patterns,  wave*  refiae  tion/re'flee  lion, 
longshore  e urrents,  surface  wate'r  e olor  e hanges, 
nearshore*  bathymetry,  tidal  flat  morphology,  in 
tertidal  habitats  and  thermal  patterns  | he  utili 
ty  of  IANDSAT-1  imagery  tor  monitoring 
sc'asonal  wate'r  movements  and  regional  e ire  ula 
lion  patterns  was  evaluated 

I he-  general  definition  ot  wetlands  e/se-d  in  this 
study  was  any  arew  inundated,  at  some  time  dur- 
ing’ the>  year,  by  nontlood  waters  A further 
restriction  was  that  only  those  vascular  plants 
occurring  in  the*  intertidal  range  we're*  eon 
sidere'd  Salt  marshes  and  e'e'lgr.iss  are'  important 
wetland  vegetative  types  m Grays  Harbor 
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Sail  marshes  are  beds  ol  rooted  vegetation 
whu  h .in’  alternately  inundated  .nul  chained  by 
tin1  ns«>  amt  tall  ot  tli«'  tide  ll oojier  I ‘>7 4.  p Sr») 
Spci  ics  ((imposition  on  this  tide  stressed  en 
viioniiient  o < onlrolled  l>v  seveial  tailois  in 
i luilmn  1‘levalion  (dn  fating  |>onod  ol  oxpoMitc). 
sediment  i liaiai  tenstu  s salinity.  drainage  and 
tc  nijierature  Dining;  pieyuuis  studies  (Messmer 
|‘17|  Mai  Donald  and  Itarliour  l''74V  '.ill  maisli 
vegetation  was  mapped  lot  limited  areas  ol  the 
harbor  and  separated  into  two  /ones  In  the 
lower  /one  ot  short  It'  JO  t m ( 1 *•  I 7 <!(>  m I vent' 
tation  Sa/uomia  v irgmica  was  predominant  and 
/at/mea  larnos.i  frig/oi  hm  m.intmwm  l)isti r hh\ 
spuaU  P/an (ago  maolima  and  D/aux  m.mlim.i 
were  round  in  order  ol  r)ei  leasing  Ireijuem  y ol 
ot  t urreiu  e In  the  high  /one.  Desi  /tampsr.i 
i aesprfosa  was  piedomin.mt  with  / (arriosa  s 
wrguma  /'  spreata  \lnp/ev  p.itul.i  P nuuitim.i 
I asl/tivtia  sp  ( use  rrla  sa/rna  /.  i/aeopsis  oci  n/err 
la/is  /um  ns /exiieum  ( arev  /v  nghyer  and  Pofen 
lill.i  egedu  touiul  with  dei  ristsiiiK  Irequeni  v 
Iwo  species  ol  eelgrass  are  found  in  (nays 
Harbor  /osfera  m.inn.i  and  / rio/in  (I  uropean 
eelgrass)  they  .ire  visually  separable  entities  / 
manna  beds  are  further  div  idl'd  into  dense  and 
sparse  beds  Only  dense  beds  were  ijuan 
titatively  sampled,  as  statistn  s obtained  trom 
sparse  beds  would  have  been  so  variable  as  to 
render  them  meaningless  Visually,  sparse 
eelytrass  beds  were  an  order  ol  magnitude  less 
dense  than  dense  / manna  beds  as  determm 
i'll  during  tielil  surveys  in  May  l')7r> 

/osfera  manna  is  a perennial,  monoiotyle 
ilonou'  plant  yyhuh  is  espei  tally  impoitant  in 
mote  prolei  led  estuarine  w iters  I buyer  et  al 
(l‘»7r>)  list  the  tnllowing  benefits  ot  / manna 
I has  high  growth  rales.  tl'O  (>00  g dry 
wt  m yr  not  uii  hiding  root  proilui  tion 

J supports  I'piphy  tu  organisms  w ith  biomass 
equalling  that  ol  eelurass 

l is  a m.i|or  i ontributor  to  the  detritus  looil 
i ham 

■l  proilui  es  or nu n n matter  by  dei  ay  mu  yv  lin  h 
initiates  sulphate  reilui  turn  reai  lion  important 
to  the  sulphur  i yi  le 

ri  reilui  es  sediment  erosion  and  shilling 
ti  retards  i unents  with  its  leaves 
7 absorbs  phosphorus  and  nitrogen  and  re 
turns  these  nutrients  to  water 

« is  used  In  man  as  tuel,  in  p.u  king  and  up 
bolstering  and  lor  insulation,  loildet  and  lei 
tili/ei 


Ihomas  and  Dully  (l‘M»fl)  and  Waddel  |I'K>4) 
also  noted  that,  in  addition  to  providing  the 
basis  lor  estuarine  lood  i hams,  eelgrass  and  salt 
marsh  vegetation  help  stabilize  estuarine  but 
toms  Removal  ol  eelgruss  in  some  locations 
yvoulil  result  m the  release  ol  ai  i umuluted  sedi 
merit  yyhuh  could  cause  serious  damage  to 
neighboring  oyster  beds  I he  stabilization  by 
eelgrass  helps  create  habitats  tor  a variety  ot 
lishes  shelltish,  nubs  and  other  invertebrates 
Waterfowl  and  shorebirds.  m part u ular,  tmd  salt 
marshes  to  be  excellent  resting  and  feeding 
areas  Phillips  tl'174)  provided  an  excellent  sum 
mary  ol  eiologual  factors  ntteitmg  eelgrass 
vegetative  and  reprodui  tive  growth  and  ol  the 
plant  s hie  history  Parker  (l't7r>)  stated  that 
weather  conditions,  chemical  pollution,  turhidi 
tv  trom  dredging,  oyster  culture,  and  rate  ol 
siltution  were  important  factors  that  cause 
i huuges  m eelgrass  distribution  and  density 
Data  on  distribution,  areal  extent,  and  density  ot 
eelgrass  and  salt  marshes  are  prerequisite  to 
assessing  < hunges  in  the  ivellnnd  system  brought 
about  by  environmental  alterations  such  as 
dredging 

1 he  intertidal  habitat  mapping  was  performed 
under  contrail  with  personnel  at  the 
Washington  State  Department  of  Dame  All  in 
formation  regarding  this  is  taken  trom  a report 
prepared  by  that  department  (Smith  et  al  ll'7hl 
1 hat  report  i ontams  detailed  ilesi  options  ot  the 
tield  sampling  methods  used  during  the  ground 
survey  s,  ot  the  species  i (imposition  ol  and 
historic  al  i (range's  in  the  distribution  ol  the  inter 
tidal  habitats,  and  ol  the  areas  tor  future  resear 
i h Remote  sensing  tec  limques  were  an  mtegial 
part  ot  mapping  all  the  intertidal  habitats  and 
marshland  vegetation  within  Drays  Harbor  Ibis 
mapping  etlort,  in  itselt,  is  a good  demonstration 
ot  the  utility  ot  remote  sensing  techniques  used 
in  min  ert  yyitli  other  data  gathering  methods  to 
accomplish  overall  study  objectives 

Aircraft  imagery  and  sensor  data 

Chronology  of  air  photo  acquisition 

Photographic  missions  Jtfl  and  h'r>  yvere  con 
dm  ted  yyitli  the  NASA  I nrtli  Observations  An 
i rail  NP  fA  (I  artli  Survey  H on  UII  Inly  1**74 
and  IP  April  l**7f».  respei  tively  Six  daylight 
flight  lines  (I  ig  J.  I able  II  totalling  Iff  4 km 
p'S  I mil  yvere  llovvn  at  an  a|i|iroximatn  altitude 
ot  fuff,  ill  lU.OOO  lt|  trom  I4!‘>  to  ISO!  hr  (I'DII 
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on  1 i li/ly  l‘>74  (l).il.i  i li^jiit  Hand  from  1 fOtt  to 
lUt.  hr  (POI)  on  10  April  1‘)7S  (Data  Hight  111 
hvo  muhttime  tlinht  linos  (I  1)  totalling  84  l> 
km  (r>J  7 mi)  woro  flown  at  an  approximate 
altitude  ‘>00  m ( HiOO  tt)  from  2 147  hr  (PD1 ) on  1 2 
Inly  to  00  1 1 hr  (I’DI ) on  1 1 Inly  1‘>74  (Data  I li^ht 
h)  and  from  7144  to  2711  hr  (I’DI)  on  10  April 
l‘>7‘>  (Data  f litiht  1 <>)  Daylight  c overage  from 
both  missions  included  the  entire  harbor,  night 
coverage  included  only  nearshore  areas  to 
detect  sources  and  dispersion  patterns  of  ef- 
fluents I he  mission  281  daylight  photographs 
were  acquired  during  low  water  at  Aberdeen, 
and  during  early  flood  at  Pt  t hehalis  (Table  II) 
Mission  281  night  imagery  was  acquired  during 
ebb  at  Aberdeen  and  I’t  Chehalis  Mission  105 
daylight  photographs  were  acquired  during  high 
water  at  Pt  Chehalis,  and  late  flood  at  Aber 
deen  Mission  105  night  imagery  was  acquired 
dorm g flood  at  both  locations 

NASA  photographs  were  acquired  with  two 
22  ‘1  c m (*>  in  1 format  metric  c ameras  eat  h with 
15  2 t m (<i  m 1 lenses  ( I able  III)  One  camera  had 
I ktac  hrome  I I Aerographic  lilmlSO  !‘>7)witha 
2A  tiller  (o<  c asionally  without  a filter)  and  the 
other,  Aeroc  hrome  infrared  film  (1  vpe  244  Dwitli 


a Wratten  12  tiller  1 he  nominal  scale  ot  the 
photographs  was  1 24,000  and  the  quality 
generally  good  Apparent  on  the'  photographs 
were  surface  circulation  patterns,  foam  and 
debris  lines  on  the  water  surface  which  indicate 
local  wind  and/or  surface  current  patterns,  sun 
glint  on  tile'  se.i  surface  w luc  li  enhances  the  view 
of  the'  direction  of  wave  front  movement,  of 
wave  refraction  and,  indirectly,  of  long  shore 
currents,  and  nearshore  bathymetry,  tidal  flat 
morphology,  intertidal  habitats,  and  coastal 
landtorms 

The  KS-14  Infrared  Imaging  and  Modular 
Multiband  (M'S)  Scanners  (Table  IV)  provided 
black  and  while  film  strips  which  showed  (her 
mal  variations  in  the  surface  water  The  scanner 
imagery  was  useful  in  interpreting  surface  ther- 
mal patterns  at  selected  locations,  mixing  pat 
terns  at  the  interface  between  river  and  harbor 
water,  and  sources  of  warm  or  cold  water  enter 
ing  the  harbor  Meyer  and  Welch  (1975)  repcirt 
"Aerial  thermal-infrared  sensing  can  thus  be 
used  effectively  tor  specific  hydrodynamic  in- 
vestigations as  well  as  for  general  monitoring 

Passive  Microwave  Imaging  System  (PMIS)  im 
agery  was  also  acquired  Originally,  it  was  to  be 
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Table  II.  Predicted  tides  at  Aberdeen  and  Pt.  Chehalis  during  NASA  aircraft  flights  (from  National  Ocean 
Survey  1973  and  1974). 


l oca  t ion 

lime * 
(POD 

Height 

<m>  (ft)f 

L oca!  ion 

rime * 
(Pin) 

Height 

(m)  (ft)( 

12  luly  1974 

13  luly  1974 

Aberdeen 

0148 

0.58 

1.9 

Pt.  Chehalis 

0205 

0.42 

1.4 

0728 

110 

6.9 

0804 

1.67 

5:5 

1333 

0.64 

2.1 

1339 

0.82 

2.7 

1949 

2.80 

9.2 

201 1 

2.56 

8.4 

Pt.  Chehalis 

0106 

0.54 

1.8 

10  April  197 5 

0657 

1.76 

5.8 

Aberdeen 

0124 

2.95 

9.7 

1251 

0.60 

2.0 

0758 

0.18 

0.6 

1918 

2.47 

8.1 

1358 

2.74 

9.0 

73  July  1974 

2010 

0.45 

1.5 

Aberdeen 

0247 

0.45 

I.S 

Pt.  Chehalis 

005  3 

2.62 

8.6 

0835 

2.01 

6.6 

0716 

0.15 

0.5 

1421 

0.85 

2.8 

1327 

2.40 

7.9 

2042 

2.89 

9.5 

1928 

0.42 

1.4 

♦Correction  tor  difference  between  local  meridian  and  the  standard  meridian  ( I20"W)  has  been  applied. 

^Heights  are  determined  from  the  mean  lower  low  water  datum  tor  a particular  location. 


Table  III.  Data  for  photographs  acquired  during  missions  283  and  305. 

Areal  around  Ground  coverage / 


Camera 

Format f 

film  type 

Lens 

(cm) 

Filter 

Shutter 

speed 

f stop 

i oif  rage 
(km 1 ) 

/ frame 
(mi1 ) 

side 
(km ) 

(mi) 

Nomina! 

scale 

Minion  283  * 

IVild-Heerhrugg 
R(  8 Metric 

22.9-cm  pos.  trans./ 
Kktachrome  EF  Aero- 
graphic  (SO-397) 

15.2** 

2A  (two 
litter) 

1/250 

5.6 

30.6 

1 1 .63 

5.5 

3.4 

1:24,000 

Wild-Herrbrugg 
Rt  8 Metric 

22.9-cm  pos.  trans./ 
Aerochrome  Infrared 
(2443) 

15.2 

Wrullcn  1 2 
(yellow  filter) 

1/200 

5.6 

30.6 

11.63 

5.5 

3.4 

1:24,000 

Minion  3051 

Zeiss  RMK  A 
15/21  Metric 

22.9-cm  pos.  irans./ 
kktachrome  Ef  Aero- 
graphic  (SO-397) 

15.2 

No  filter 

1/400 

4 to  4.5 

30.6 

1 1.63 

5.5 

3.4 

1:24,000 

Zeiss  RMK  A 
15/21  Metric 

22.9-cm  pos.  trans./ 
Aerochrome  Infrared 

15.2 

VVr.it  ten  12 
(yellow  tiller) 

1/200 

4 to  4.5 

30.6 

1 1.63 

5.5 

3.4 

1:24,000 

(2443) 


* NP  3A  altitude,  3b  3b  rn  ( 1 2 ,000  It)  (m si);  I 3 |uly  1974;  avg  ground  speed,  442  km/hr  (239  kt);  60'\«  overlap,  30°»>  sidelap;  light  cirrus 
clouds;  sun  angle,  20"  -45°. 

♦ NP-  3A  altitude,  3b  <6  rn  ( I 2,000  ft)  (msl);  10  Apiil  1975;  avg  ground  speed,  508  km/hr  (275  kt);  60%  overlap,  30°v  sidelap:  scattered 
clouds  over  land;  sun  angle,  25  -15". 

•*  h in. 


used  for  differentiation  of  fitl.il  flat 
characteristics  based  on  moisture  content 
However,  the  color-coded  PMIS  imagery  was  not 
used  because  patterns  on  the  imagery  and  the 
imagery  signatures  could  not  be  correlated  with 
ground  or  water  features 


Airborne  environmental  sensors  (Table  V)  pro- 
vided data  for  determining  atmospheric  condi- 
tions and  the  Barnes  PRT-5  measured  gross  ap- 
parent radiation  transmitted  from  the  earth's 
surface  in  the  8-  to  14-pm  range  Ihe  Barnes 
system  consists  of  two  units:  the  power  supply. 


V 
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Table  IV.  Data  for  RS-14  Infrared  Imaging  Scanner  and  Modular  Multiband 
Scanner  (MJS). 

Ground  coverage 

Wavelength  swath Nominal  scale  (perpendicular 

Sensor  ( urn  I Him  format  (km)  (mi)  to  f fight  fine  direction) 

Mission  >S3* 

RS-14  8-14  (thctnul)  5. 39  cm  (2.125  1.42  0.88  1:23,500 

in.)  pos.  trans. 
strips 

Mission  30 St 

M1  S 8-14  (thermal)  9.52  cm  (3.75  2.87  1.78  1:30,000 

in.)  pos.  trans. 

strips 

* NP-3A  altitude,  909  m (3000  It)  (msl);  12-13  July  1974;  ground  speed,  297  km/hr 
(160  kt) 

t NP-3A  altitude.  909  m ( 1000  ft)  (msl);  10  April  1975;  ground  speed,  334  km/hr  (180  kt) 


Table  V.  Airborne  environmental  sensors  (from  NASA  1972). 


type 

Variable  measured 

Data  format 

Range 

Accuracy 

Karnes  PR  I -5  Precision 
Radiation  Thermometer* 

Apparent  radiation  in 

8 to  14 -pm  range 

Digital  printout ; 
graphs 

-20”  lo  40"  C 
(-  4"  lo  1 04"  1 ) 

t0.5”C 

(±0.9”F) 

Cambridge  Dewpoint 
Hygrometer  f 

Prevailing  dewpoint 
temperature 

Digital  printout; 
graphs 

tS0"C 

(122"  to  -58" F) 

i0.5°C  above 

0° 

lohnson  Williams  Liquid 
Wafer  Content  Indicator! 

Liquid  wafer  content 

Digital  printout ; 
graphs 

0-6  g/m  ’ 

±1S% 

Rosemont  Total  Air 
lemperaturc  Probe) 

Total  air  temperature 

Digital  printout; 
graphs 

-70"  to  50"C 
(-137”  to  122”  F) 

i 1.0 % full  scale 

* Measures  data  be\  onsf  (he  aircraft  from  0.3  m (0.9  ft)  to  infinity. 

* Measures  atmosphere  contiguous  to  aircraft. 


Table  VI.  Time  of  dye  releases  on  10  and  11  July 
1974. 


Location 

Disposal  site  1 
Nor  tli  jetty 
South  jetty 
Moon  Island 
Reach  (Buoy  41) 


10  lulv,  near 
maximum  flood 

(Pin) 

1310; 1353 
1315 
1325 
1320 


II  lulv,  near 
maximum  ehh 
(PD  l) 

0845 

0855 

0905 

0840 


control,  and  indicator  unit  mounted  on  the 
operator  s t onsole  and  the  optical  unit  mounted 
in  the  sensor  hay  Incoming  radiated  energy  is 
continuously  compared  with  a c>r>0('  (1.11°f)  in- 
ternal reference  and  converted  by  the  I’Rf-S  into 
a voltage  whit  h is  directly  related  to  the  energy 
difference  between  the  target  and  the  reference 


I he  voltage  is  displayed  on  the  indicator  as 
equivalent  blackbody  temperature,  to  an  ac- 
curacy of  ±0,S°C  (±0.9°F),  of  ground  features 
below  the  aircraft  (NASA  1972)  With  a 2°  con- 
ical field  of  view,  the  l’RT-5  recorded 
temperatures  of  successive  areas  11  8 m (1  OS  tt) 
in  diameter  along  the  flight  lines  at  909  m (1000 
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Table  VII.  Schedule  for  acquisition  of  and  data  for  low  altitude  photographs. 


(•round  i overage/ 


Location 

Roll /photographic 
paw 

Start  time 
(Pin) 

Altitude 
(ml  (III 

frame  side 

1 ml  (It) 

Nominal 

si  ale 

10  luly  (near  maximum  flood) 

Disposal  site  1 

i/i 

1312 

303 

1000 

238 

788 

1 

4 370 

1/2 

13  IS 

303 

1000 

238 

788 

I 

4370 

1/3 

1320 

303 

1000 

238 

788 

1 

4370 

1/4 

1323 

303 

1000 

238 

738 

1 

4370 

Moon  Island 

1/1 

1329 

242 

800 

191 

632 

1 

3800 

(Buoy  41 ) 

1/2 

1331 

264 

870 

208 

687 

3500 

South  ictty 

1/1 

1334 

624 

2060 

493 

16.30 

9030 

South  ictty 

2/1 

1337 

624 

2060 

493 

1630 

9030 

Moon  Island 

2/1 

1340 

247 

816 

195 

645 

3590 

(Buoy  41) 

2/2 

1342 

247 

816 

195 

645 

3590 

South  jetty 

2/2 

1344 

187 

620 

148 

490 

1 

2720 

Disposal  site  1 

2/1 

1345 

212 

700 

167 

553 

1 

3060 

2/2 

1400 

212 

700 

167 

5. 5 3 

.3060 

1 1 luly  ( near  maximum  ebb)* 

Disposal  site  1 

3/1 

0843 

196 

648 

154 

511 

1 

2830 

3/2 

084  7 

196 

648 

154 

511 

1 

28.30 

3/3 

0851 

|9(, 

648 

154 

511 

1 

28  30 

North  jetty 

4/1 

0900 

163 

S40 

128 

425 

1 

2360 

Disposal  site  1 

4/1 

0910 

163 

540 

128 

425 

2360 

4/2 

0913 

163 

540 

128 

425 

2360 

South  jetty 

4/1 

0920 

16.1 

540 

128 

425 

2.360 

* Only  Ektachrome  IR  photographs  taken  on  J I July;  ceiling  too  low  to  fly  over  Moon  Island 
site;  mission  terminated  due  to  inclement  weather. 


ft)  The  data  were  used  in  interpreting  thermal 
patterns  observed  on  the  RS-14  and  M'S  im- 
agery 

Green  and  Terrell  (1978)  reported.  "The  air- 
borne radiometer  can  be  quite  useful  in  studying 
water  motions,  especially  in  support  of  other 
measurement  techniques  The  inferred  surface 
temperature  data  provide  almost  instantaneous 
spatial  details  not  obtainable  with  more  conven- 
tional tools  Such  a picture  can  be  valuable  in 
devising  future  sampling  strategies  and  in  pro- 
viding the  overview  often  needed  to  interpret 
data  taken  on  a smaller  scale  ”* 

Surface  circulation  patterns 

Low  altitude  aircraft  (Cessna  180)  photographs 
were  also  acquired  on  10  and  11  luly  1974  to 
trace  movement  of  uranine  dye  released  from 


' Copyright,  American  Ceophysic  a I Union,  11*110010(1  by  per 
miwion 


stationary  buoys  and  from  drogues  at  several 
locations  within  the  harbor  (Fig  4,  Table  VI) 
Two  Hasselblad  cameras  [10.2-cm  (4-in)  lens, 
viewing  angle,  4.)°)  with  Ektachrome  MS 
Aerographic  color  film  (no  filter)  and 
Ektachrome  IR  film  (Wratten  12  filter)  were  used 
to  record  the  dispersion  of  the  dye  1 he  exposure 
interval  was  approximately  2 seconds  The 
photographs  were  produced  as  SS-mm  (2.2-in.) 
positive  transparencies  Uranine  dye  appeared 
bright  green  on  the  color  photographs,  and 
bright  blue  on  the  color  IR  The  interface  be- 
tween the  dye  and  the  clear  water  appeared 
more  distinct  on  the  color  photographs  Because 
of  low  cloud  ceilings,  the  photographs  were  ac- 
quired between  altitudes  of  Ib.Vb  to  824  2 m 
(S40  to  2060  ft)  (Table  VII)  Monday  et  al  (1977) 
provide  a very  good  description  of  the  use  of 
uranine  dye  for  studies  of  circulation  patterns 
The  dye  releases  were  made  to  analyze  sur 
face  circulation  near  the  north  and  south  jetties, 
near  the  hopper  dredge  disposal  site  1 and  near 
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release  locations. 
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Tabic  VIII.  Predicted  times  of  slack  water  and  times/velocities  of  maximum  flood  (F)  and  ebb  (E)  currents 
at  Grays  Harbor  entrance  (46°S5’N,  124l08‘W)  (from  National  Ocean  Survey  1973). 


Slack 

KSI/lY 

Maximum  current 

Slack 

water 

Mo  \ imum  current 

time 

IPI)  Tl 

/ ime 
(PH  II 

l Woc/fi 

(m/stc) 

(ft /sec) 

time 

(POT) 

lime 
(PD  1 1 

Velocity 

(m/scc) 

(ft /sec) 

8 lulv  197-1 

It  lull  1979 

0146 

0719 

1.59 

5.24  t 

0043 

0251 

0.62 

2.03  1 

1040 

1331 

1.13 

3.72  f 

0559 

0914 

1.13 

3.7'2  E 

1704 

200b 

1.13 

3.72  t 

1231 

1510 

1.02 

3.38  1 

2.101 

1853 

2212 

1.23 

4.05  E 

9 lulv  19  7-1 

/ 2 /uly  1979 

04  24 

012.1 

0.72 

2.36  r 

0141 

0350 

0.56 

1 .86  E 

1114 

0752 

1.43 

4.7  3 E 

0704 

1003 

0.97 

3.21  E 

1739 

1400 

1.08 

3.55  1 

1316 

1600 

0.92 

3.04  t 

2350 

2041 

1.18 

1.88  t 

1936 

2307 

1.33 

4.39  E 

10  fills  1979 

19  /till  1979 

0206 

0.67 

2.20  1 

0245 

0500 

0.5 1 

1 .69  1 

0S07 

0829 

1.28 

4.22  L 

0822 

1 1 06 

0.8  2 

2.70  t 

1151 

1435 

1.08 

3.55  f 

1407 

1651 

0.07 

2.87  I 

1815 

2126 

1-23 

4.05  E 

2026 

00 1 2 ( 1 4 

lulv)  1.43 

4.73  E 

Data  at  Aberdeen  tor  slack  water  time  were  unreliable;  at  Aberdeen  during  period  ot  observations  (I  ehruary),  Hood 
was  weak,  and  rut  tent  was  ebb  inn  most  ol  the  time  with  a velocitv  ot  about  1 .07  m/sec  (3.18  tt/sec)  at  times  ot  maxi- 
mum ebb  which  occurred  30  minutes  later  than  at  harbor  entrance. 


the  uncon  fined  pipeline  dredge  disposal  site 
near  Moon  Island  The  dye  dispersion  and 
drogue  studies  were  coordinated  with  personnel 
from  the  Seattle  District  Marker  buoys  were  re- 
quired as  reference  points  for  the  dye  dispersion 
near  the  hopper  dredge  disposal  site  A line  of  lb 
anchored  buoys  was  positioned  and  test  dyes 
were  released  to  determine  the  appropriate 
amounts  of  dye  to  be  used  The  first  dye  and 
drogue  releases  were  made  near  maximum  flood 
on  10  Inly  1974  (Table  VIII)  Huoy  locations  and 
dye  release  sites  were  recorded  by  sextant 
readings  The  dye  dispersion  and  drogue 
movements  at  all  the  sites  were  photographed 
Simultaneously,  while  water  samples  and  water 
temperature  and  salinity  data  were  acquired,  the 
sampling  sites  were  photographed  to  correlate 
water  characteristics  with  tones  on  the  aerial 
photographs  Dye  and  drogue  releases,  water 
sampling  and  aerial  photography  were  also  per- 
formed near  maximum  ebb  on  II  lulv 

Intertidal  habitats 

I he  areal  distribution  of  the  intertidal  habitats 
was  mapped  utilizing  the  NASA  color  infrared 
photographs  and  lower  altitude  OR 
photographs  Although  the  CIK  photographs 
were  used  for  the  mapping,  eelgrass  was  also  ap 
parent  on  the  color  photographs,  submerged 


eelgrass  had  a rust  color,  and  exposed  beds  were 
green  The  mapping  could  not  be  completed 
with  only  the  NASA  photographs  because  they 
were  taken  during  low  tide  when  the  water  level 
was  0 9-1  2 m (3-4  ft)  above  mean  lower  low 
water  Most  Z.  marina  occurs  below  the  0 9-m 
(3-ft)  level  To  complete  the  map,  C'lR 
photographs  were  acquired  from  a Cessna  172  at 
ISIS  m (5000  ft)  during  lower  low  water, 
predicted  — 0.5  m ( — 1.8  ft),  between  1000  and 
1130  hours  I’DT  on  28  )une  1975  Complete 
coverage  of  the  harbor  tidal  flats  was  obtained 
on  eleven  20  exposure  rolls  of  Kodak 
I ktai  hrome  CIK  film  using  a 15  mm  (1  4 in  ) sin 
gle  lens  reflex  camera  with  a Kalcor  CIS  filter 
(minus  blue)  (ASA.  100,  t stop,  8,  II  or  lb,  do 
pending  on  photo  angle  to  sun) 

Slides  prepared  from  these  low  altitude 
photographs  were  protected  and  areas  of 
eelgrass  were  transferred  to  a map  of  tidal  flats 
|(0  0 to  2 7 m)  (0  0 to  8 8 It)  relative  to  mean 
lower  low  water  (Ml  IW)|  adapted  from  (IS 
Army  Corps  ot  I ngmeers  topographic  data  I’ho 
tomterpretations  were  verified  and  augmented 
by  data  acquired  during  extensive  held  observa- 
tions m late  May  and  lime  1975  Areal  deter 
initiations  were  made  with  a K 8 1 optical,  com 
pensatmg.  polar  planimeter 


Salt  marshes  and  other  wetlands  were  also 
mapped  trom  the  NASA  OR  photographs 
Where  the  photographs  did  not  cover  an  area  ot 
interest,  color  aerial  photographs  (nominal 
scale,  1 24. MX))  obtained  from  the  Washington 
Department  ot  Natural  Resources  (DNR)  in  1474 
were  used  Ihe  areal  extent  ot  these  marshes  and 
wetlands  was  delineated  by  tracing  each  marsh 
and  wetland  type,  apparent  on  each  photograph, 
onto  a transparent  or  translucent  Mylar  plastic 
overlay  The  area  ot  each  delineation  was  then 
determined  using  a polar  plammeter 

Species  composition  ot  the  salt  marshes, 
eelgrass  beds,  and  other  wetlands  was  deter- 
mined by  field  sampling  and  observations  at 
various  locations  in  the  harbor  Quantitative 
sampling  was  done  only  in  salt  marsh  and 
eelgrass  areas  along  representative  transects 
The  aerial  color  and  OR  photographs  were  used 
to  select  sampling  sites  and  to  measure  the 
canopy  cover  ot  bare  substrate,  or  substrate 
covered  with  algae,  in  plots  where  canopy  cover 
of  vascular  salt  marsh  species  was  not  complete 

Salt  marshes  were  typed  based  on  a modifica- 
tion of  the  classification  system  presented  by 
letterson  (197S)  All  classifications  were  based 
on  quantitative  transect  samples,  using  percent- 
age of  canopy  cover  and  percentage  of  frequen- 
cy of  occurrence  The  eelgrass  beds  were 
classified  as  Z os  f era  rwltii  and  Z.  marina  beds, 
which  were  visually  separable  entities  Z.  marina 
beds  were  further  divided  into  "dense"  and 
sparse  beds  Other  wetlands  were  classified 
according  to  species  composition  derived  from 
qualitative  surveys 

LANDSAT  imagery 

The  utility  of  LANDSAT  multispectral  s t anner 
(MSST  imagery  in  addressing  the  project  objec- 
tives was  determined  based  on  a cursory  evalua- 
tion of  imagery  acquired  in  lanuary,  February, 
and  October  1973  Fach  1 1,000,000  scale  image 
covers  185  km  (IIS  mi)  on  a side  The  MSS 
records  reflected  radiation  in  four  bands  ot  the 
visible  and  near  infrared  regions  of  the  elec- 
tromagnetic spectrum  band  4.  0 S-0  b pm.  band 
S,  0 6-0  7 pm.  band  b,  0 7-0  8 pm.  and.  band  7. 
08  1 1 pm  Coastal  landforms,  cultural  and  land 
use  features  and  turbidity  and  circulation  pat- 
terns are  most  distinct  on  band  S (Fig  Sal  The 
land-water  boundary,  riverine  features,  geologic 
structure  and  geomorphologv  are  most  apparent 
on  the  band  7 image  (Fig  Sb)  In  general,  only 
one  LANDSAT  band  is  reproduced  in  this  report 
However,  many  of  the  conclusions  formed  dur- 


ing the  evaluation  are  fully  lustified  only  by  in- 
spection of  two  or  more  spectral  bands 

Ground  truth  data 

Surface  circulation  patterns 

Ground  truth  data,  i.e  temperature  (°C), 
salinity  (ppt)  and  suspended  sediment  concentra- 
tions (mg/I),  were  acquired  from  the  surface 
water  throughout  the  harbor  and  from  the  water 
column  at  the  harbor  mouth.  Temperature  and 
salinity  data  were  acquired  with  an  in-situ  probe 
Suspended  sediment  concentrations  were  deter- 
mined in  the  laboratory  by  weighing  the  amount 
of  particulates  filtered  from  water  samples  col- 
lected at  each  station  The  surface  water  data 
were  acquired  at  40  sampling  sites  (Fig  4),  2b 
near  the  harbor  entrance,  and  14  along  the  main 
navigation  channels  There  were  b water  column 
sites  near  the  harbor  entrance  (stations  2,  3,  5,  b, 
18,  19  on  Fig  4)  Data  were  collected  by  person- 
nel from  Grays  Harbor  College  during  flood  and 
ebb  tides  on  9,  10  and  11  July  1974  (Tables  IX 
and  X) 

These  temperature,  salinity  and  suspended 
sediment  data  were  used  to  produce  maps  of 
isotherms,  isohalines  and  sediment  concentra- 
tions, from  which,  in  turn,  were  inferred  surface 
circulation  patterns  during  the  different  tidal 
stages  The  water  column  data  were  used  to 
prepare  water  profile  diagrams  to  determine 
water  characteristics  at  depth,  subsurface  pro- 
cesses, and  degree  of  harbor  stratification 

Huebner  (1973)  reports:  "Some  of  the  main 
physical  aspects  of  interest  in  estuaries  and  bays 
include  water  movement,  mixing  processes,  and 
salinity  distribution  The  movement  of 
sediments  (in  suspension  or  by  saltation)  is 
related  to  these  conditions  Basic  physical 
parameters  affecting  prediction  of  flow  and  cir- 
culation are  the  physical  dimension  of  an 
estuary,  river  flow,  and  tidal  conditions 
Measurement  of  these  parameters,  in  addition  to 
the  in  situ  collection  and  analysis  of  horizontal 
and  vertical  salinity,  and  temperature  and  tur- 
bidity data,  provide  information  for  analysis 
Certain  inferences  can  be  drawn  from  cross  sec- 
tions of  the  data,  however,  direct  observation  of 
currents  is  essential  for  quantitative  understand- 
ing Flow  and  drift  methods  are  used  to  obtain 
direct  observation,  e g , current  meters,  drogues, 
buoys,  and  dye  releases  "* 

* 1 op\n^h|  Mneru.m  Vu  iotv  ot  Photoiir.immetrv.  reprinted 
b\  permission 
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east  ot  the  mouth  ot  the  Wishkah  Kiver  vary 
from  00  parts  per  thousand  (ppt)  (total  salt)  at 


tions)  Annual  maimeiuinie  ui<-vign>K  ‘ ’ ■ 
to  ensure  navigability  in  the  channels  leading  to 


a.  Band  5. 


Figure  5.  Grays  Harbor  and  northwestern  Washington,  portion  of  LANDSA  T- 1 image  / 169- 18375  acquired  on 
8 lanuary  1973. 
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Table  IX.  Predicted  tides  at  Aberdeen  and  Pt.  Chehalis 
during  d>e  dispersal  studies  and  acquisition  of  ground 
truth  data  (from  National  Ocean  Survey  ( 1973  and 
1974)  | . 


/ oca t ion 

Time 

(mi 

Height 

(m) 

ill 

S /uh  19? * 

Aberdeen 

0409 

2.67 

8.8 

1 102 

-0.09 

-0.3 

1712 

2.55 

8.4 

0*24 

0.76 

2.5 

Pt.  Chehalis 

0!18 

2.33 

7.7 

1020 

-0.06 

-0.2 

164) 

2.21 

7.3 

2242 

0.7  3 

2.4 

9 luly  19 

Aberdeen 

045  1 

2.52 

8.3 

1 138 

0.06 

0.2 

1747 

2.61 

8.b 

Pt.  Chehalis 

0420 

2.18 

7.2 

1056 

0.03 

0.1 

1716 

2 27 

7.5 

2325 

0.70 

2.3 

tO  luly  19? a 

Aberdeen 

0007 

0.7  3 

2.4 

05  34 

2.39 

7.9 

1214 

0.24 

0.8 

1823 

2.67 

8.8 

Pi.  Chehalis 

1503 

2.0b 

6.8 

1132 

0.21 

0.7 

1752 

2.33 

7.7 

11  )u!\  1974 

Aberdeen 

0056 

0.67 

2.2 

0627 

2.24 

7.4 

1251 

0.45 

1.5 

1903 

2.73 

9.0 

Pt.  Chehalis 

0014 

0.64 

2.1 

05.56 

1.91 

6.3 

I20‘> 

0.42 

1.4 

1832 

2.39 

7.9 

Table  X.  Schedule  for  ground  truth  data  acquisition, 
9-1 1 July  1974. 


Half 

phi) 

tidal  stage 

Hater  surface 

9 lulv 

0955-1132 
1428  1701 

Lsite  ebb 
Late  flood 

10  luly 

0523-0745 

Late  flood 

Early  ebb 

1025-1240 

Late  ebb 

Larlv  flood 

1 1 lulv 

0519-0725 

Late  flood 

Larlv  ebb 

Water  column 

105  2- 1358 

Late  ebb 

Early  flood 

10  lulv 

0540-0635 

Early  ebb 

1055-1  144 

Late  ebb 

1 ailv  flood 

11  luly 

0600-0640 

Larlv  ebb 

1215-1255 

Early  flood 

Aircraft  and  satellite  imagery  interpretations 
of  circulation  patterns  were  subsequently  com- 
pared with  interpretations  made  from  the  above 
data  obtained  from  shipboard  surveys  and  from 
the  Grays  Harbor  hydraulic  model  studies  to 
determine  the  accuracy,  reliability,  and  cost  ef- 
fectiveness of  remote  sensing  versus  more  con- 
ventional data  acquisition  procedures 

The  Grays  Harbor  model  studies  were  con- 
ducted by  the  Hydraulics  Division  of  the  U S 
Army  Engineer  Waterways  Experiment  Station 
(Brogdon  1972a)  The  model,  a fixed-bed  model 
with  provisions  for  future  conversion  to  a 
movable-bed  model,  was  designed  and  con- 
structed (February  1968-|une  1969)  to  scales  of 
1 500  horizontally  and  1 100  vertically  It 
reproduced  all  of  Grays  Harbor,  the  Chehalis 
River  to  the  head  of  tidal  influence  (South 
Montesano),  and  a portion  of  the  Pacific  Ocean 
adiacent  to  the  harbor  entrance  The  primary 
purposes  of  the  overall  model  study  were  to 
evaluate  the  possible  effects  of  rehabilitation  of 
both  the  north  and  south  jetties  and  of  enlarging 
arid  realigning  the  navigation  channel,  to  in- 
vestigate the  stability  of  Point  Chehalis,  and  to 
locate  suitable  dredge  disposal  areas  The 
flushing  rate  and  dispersion  characteristics  of 
waste  materials  discharged  into  the  system  were 
also  to  be  investigated 

Hydraulic  and  salinity  verifications  were  con- 
ducted from  |une  to  December  1969  Fixed-bed 
shoaling  verification  was  accomplished  from 
August  to  September  1970  Hydraulic,  salinity 
and  dye  dispersion  base  tests  were  performed 
from  january  to  luly  1970  (Brogdon  and 
Fisackerly  1973)  Model  verification  tests  in- 
dicated that  the  model  hydraulic  and  salinity 
regimes  were  in  satisfactory  agreement  with 
those  of  the  prototype  for  comparable  condi- 
tions It  was  assumed  that  the  model  would  pro- 
vide quantitative  data  concerning  the  effects  of 
the  proposed  improvement  plans  on  the 
hydraulic  and  salinity  regimes  of  the  estuary 
After  completion  of  all  fixed-bed  model  verifica- 
tions and  base  tests,  the  general  model  investiga- 
tion program  was  initiated 

To  date,  model  studies  have  been  performed 
for  the  north  |etty  (Brogdon  1972b),  Westport 
small  boat  basin  (Brogdon  1972c  and  1975b),  the 
south  jetty  (Brogdon  1972d),  the  existing  9 1-m 
(30-ft)  (MLLW)  deep  navigation  channel 
(Brogdon  197.5a),  and  a 12.1-m  (40-ft)  deep 
navigation  channel  (Brogdon  1976) 
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Intertidal  habitats 

Species  composition  of  the  wetlands  was 
determined  by  identification  of  specimens  col- 
lected along  transects  using  standard  sampling 
techniques  and  by  field  observations  during 
related  investigations  Quantitative  sampling  of 
vegetation  was  done  only  in  salt  marsh  and 
eelgrass  areas  Other  surveys  were  qualitative 
and  were  done  to  determine  plant  communities 
based  on  abundant  species. 

RESULTS  AND  DISCUSSION 
Remote  sensing  techniques 

Surface  circulation  patterns 

NASA  NP-3A  imagery.  Circulation  patterns 
were  determined  from  the  NASA  NP-3A  color 
and  CIR  photographs  based  on  foam  (debris) 
lines  formed  at  mixing  zones  on  the  water  sur- 
face, changes  in  water  color  (turbidity)  in  the 
open  areas  of  the  harbor  and  suspended  sedi- 
ment patterns  near  shore.  Meyer  and  Welch 
(1975)  point  out  that  water  color  is  influenced  by 
its  optical  properties,  type  and  amount  of 
suspended  organic  and  inorganic  particles,  and 
water  surface  roughness,  and  by  the  nature  of 
the  bottom  in  shallow  water. 

The  color  photographs  were  more  useful  than 
the  color  infrared  photographs  for  analyzing  the 
circulation  patterns  because  there  was  less  con- 
trast and  sun  glint  (Fig  b).  Generally,  variations 
in  suspended  sediment  concentrations  in  the  sur- 
face water  were  not  significant  enough  to  be 
observed  on  the  photographs  However,  thermal 
differences  of  the  water  surface  were  readily  ap- 
parent on  the  RS-14  and  M'S  imagery  and  cir- 
culation patterns  based  on  these  differences 
were  easily  delineated  There  was  more  subsur- 
face information  on  the  color  photographs, 
although  wave  patterns  were  more  apparent  on 
the  CIR  photographs  (possibly  because  of  the 
greater  sun  glint  which  enhanced  the  ap- 
pearance of  individual  waves) 

The  13  luly  1974  (Mission  283)  photographs 
were  acquired  during  eaily  flood  just  after  low 
water  slack  Consequently,  water  movement  was 
minimal  and,  except  at  a few  locations,  circula- 
tion patterns  were  not  readily  discernible  (Fig  7) 
Most  of  the  patterns  observed  on  the  color  and 
CIR  photographs  were  near  the  harbor  entrance 
because  flood  tide  had  begun.  A turbid  zone 
along  the  north  jetty  to  Damon  Point  was  more 


pronounced  on  the  color  photographs  because 
the  suspended  solids  in  a greater  portion  of  the 
water  column  were  visible  Water  penetration  on 
the  color  photographs  was  greater,  from  the  sur- 
face to  0 9 to  2 42  m (3  to  8 ft)  Because  the  ex- 
posure setting  is  critical  when  CIR  photographs 
are  being  taken  and  because  it  was  difficult  to 
see  the  water  surface  with  uniform  solar  il- 
lumination, the  water  surface  frequently  ap- 
peared dark  (underexposed)  The  setting  with 
color  photographs  was  not  as  critical  and  better 
exposed  photographs  were  acquired  The  water 
surface  was  not  too  dark  and  surface  detail  was 
generally  very  good  on  the  color  photographs 

A zone  with  high  turbidity  was  observed  on 
the  south  side  of  the  south  jetty  (Fig  8)  It  ap- 
peared that  currents  were  moving  west  along  the 
jetty  and  transporting  suspended  sediment  from 
the  surf  zone  From  the  conjunction  of  the  south 
jetty  and  the  shoreline  to  approximately  4.5  km 
(2 .79  mi)  south  along  the  Pacific  coast,  high  con- 
centrations of  suspended  sediment  were  ap-  V 

parent  in  the  surf  zone  Also,  linear  patterns  that 
may  have  been  internal  waves  were  observed  in 
this  area. 

The  surface  wave  patterns  were  more  discern- 
ible on  the  CIR  than  on  the  color  photographs, 
especially  where  sun  glint  was  high  The  detec- 
tion of  wave  refraction  near  submerged  shoals 
could  be  very  useful  in  locating  unmapped 
shoals  or  in  analyzing  changes  in  shoaling  pat- 
terns and  shoal  topography.  The  land/water  in- 
terface between  exposed  tidal  flats  and  water  in 
North  Bay  was  more  apparent  on  the  CIR 
photographs  than  on  the  color  photographs 
Foam  lines  which  delineate  water  type  bound 
aries  or  form  parallel  to  wind  directions  because 
of  surface  Langmuir  circulation  were  apparent 
in  the  color  and  CIR  photographs 

Surface  thermal  patterns  (Fig  9)  apparent  on 
RS-14  scanner  imagery  acquired  on  12-13  luly 
1974  from  the  time  of  mid-ebb  through  max- 
imum ebb  currents  were  very  useful  in 
delineating  surface  circulation  (Fig  10)  and  in 
showing  the  relative  water  temperatures  of  the 
main  tributaries  to  the  harbor  (Table  XI) 

Huebner  (1975)  reports:  "In  addition  to  the  study 
of  the  temperature  patterns  in  the  mixing  zones, 
there  is  interest  in  mapping  the  distribution  of 
the  water  masses  that  are  moved  about  by  near 
shore  currents",  and  "Several  investigations 
have  concluded  that  thermal  infrared  imagery  in 
the  8 to  1 4 pm  band  can  provide  useful  informa 
tion  on  estuarine  circulation  " 
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Figure  7 Surface  circulation  patterns  inferred  from  NASA  NP-3A  color  and  C/P  photographs  acquired  on  7 3 luly  1974 
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Figure  9.  RS-14  thermal  IR  imagery  with  graph  of  PRT- 5 radiation  thei 
agery.  Note  the  occasional  high  temperature  spike  on  the  PR T- 5 graph. 


surge 


23:49:40 


Direction  of  Might 


figure  9 RS-14  thermal  IR  imagery  with  graph  of  I’RI- S radiation  thermometer  data  Warm  features  are  lighter  on  the  u 
agery.  Note  the  occasional  high  temperature  spike  on  the  I’R  [-5  graph  I his  spike  is  probably  caused  by  an  electronic  sign 
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Sole  the  occasional  high  temperature  spike  on  the  PR  1-5  graph  I his  spike  is  probably  caused  by  an  electronic 
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Figure  9 (cont'dl.  RS  14  thermal  imagers  with  graph  of  PI 
imagery.  Note  the  occasional  high  temperature  s pike  or 
signal  surge. 


Ks  14  tht'rm.il  irrmucn  n ith  pr.ifth  at  I’K  I r.uluttian  thrrr-,  imrtr • il.it.i  U ,rm  ir.it, in-,  .irr  uhirr  or  tin 
hr  <><  < hit:!)  tvmpvr.iturr  \f)ikr  on  thr  I’K  I i itr.i/th  Ik  s sfnkr  is  proh.iltn  < ,iu\ril  h\  ,in  r.ri  trnnn 


I tnurr  ')  ( nnt 
im.lftrr,  Soft 
s/Kfi.i/  \uritr 


E ro 


Di  recti 


r . t 

E 

■B9T . V % 

r i 

fc*-:  \ 

d.  Line  24 


00.16:40 


tT""'  *' 

6<  1'^rftlB 

‘ * >r  -•  ,J  jgt^W* 

Si  t5T  i 

■ * 4y 

J-UJ 

/ j jit*'  “jfaumrn&Sj  !_.  . 

Upv**t  * » 

|USS|  u. 

! 1 

’’"‘iSfimi  llEiU 

‘?r (£>•&* 1 ' v*i \f  ] 

...  , A.  '•  J^ji 

jj»;i\-.i|? 

L:  yjb 

Match  Line 


e.  Line  25 

Start  ( 

)0:27:50 

Approximate  Scale 
(1  = 23500  ) 

O 0.4 

0.8  mi 

Direction  of  Flight 


’e  9 leant  dj.  RS- 1 4 thermal  imagery  vuth  praph  of  PR  1-1  radiation  thermometer  data  Warm  features  are  lighter  on  the 
•ery  Note  the  occasional  hiph  temperature  spike  on  the  PR  1-1  praph  I Ivs  spike  is  probably  caused  />>  an  elec  Ironic 


Table  XI.  Relative  temperatures  of  tributary  water 
and  harbor  water  as  observed  on  RS-14  imagery,  12-13 
July  1974,  and  M2S  imagery,  10  April  1975. 


IJ 

13  luly  1974 

10  April  1975 

L Ik  River 

* 

Johns  River 

Warmer 

Warmer 

Newskah  Creek  • 

- Same 

Warmer 

Charley  Creek 

- Same 

Warmer 

Chehalis  River 

Colder 

Colder 

Wishkah  River 

Colder 

Colder 

Hoquiam  Kive^ 

Warmer 

Colder 

Grass  Creek 

Warmer 

Warmer 

Chenois  Creek 

Warmer 

Warmer 

Humptulips  River 

Warmer 

Warmer 

♦ Not  visible  on  imagery  . 

Complex  circulation  patterns  were  visible  in 
three  areas  where  mixing  appeared  extensive: 
North  Bay,  near  Pt  New  (lines  21  and  22),  and 
between  Moon  Island  and  the  coast  east  of 
Stearn  s Bluff  (line  23).  Generally,  observed  ebb 
flow  patterns  were  restricted  to  the  tidal  chan- 
nels, e g , water  in  the  vicinity  of  the  settling 
ponds  south  of  Aberdeen  moved  primarily  out 
South  Channel  (line  25) 

PRT-5  data  showed  detailed  thermal  varia- 
tions along  the  flight  lines.  The  location  of  the 
PRT-5  viewing  line  is  approximate.  In  fact,  it 
probably  meandered  gradually  from  the 
centerline.  These  data  (Fig.  9)  were  correlated 
with  the  RS-14  imagery  interpretations  (warm 
features  are  lighter)  and  provided  information 
on  relative  temperature  distributions  and,  in- 
directly, on  surface  circulation.  Meyer  and 
Welch  (1975)  report:  "A  thermal  scanner  records 
relative  temperature  difference  and,  therefore, 
must  be  used  in  conjunction  with  a temperature 
reference  source  and  with  actual  surface 
temperature  records  obtained  during  scanner 
overpasses." 

To  calibrate  the  PRT-5  data,  temperatures 
recorded  by  the  PRT-5  must  be  compared  with 
temperatures  taken  at  selected  ground  features 
to  adjust  the  recorded  PRT-5  temperature  for  at- 
mospheric effects  This  was  not  done  during  this 
study;  therefore,  temperatures  shown  are  not  ad- 
justed and  are  relative  values,  not  absolute 
temperatures  of  the  ground  or  water.  Since 
temperature  differences  were  of  primary  impor- 
tance, relative  accuracy  is  more  important  than 
absolute  accuracy 

Temperatures  (not  absolute)  along  line  21  (Fig. 
9)  on  12-13  July  1974  varied  from  16  4°C(61  5°F) 


near  the  mouth  of  Grass  Creek  (E)*  to  14.6°C 
(58. 3°F)  in  the  northern  part  of  Oyhut  Channel 
(A,  B).  Temperatures  of  the  tidal  flats  were  ap- 
proximately 12°-13°C  (53.6°-55.4°F).  Water 
temperatures  in  Campbell  Slough  and  Hump- 
tulips  River  Channels  (F,  C,  D)  were  approximate- 
ly 1 5°C  (59°F).  Temperatures  along  line  22  varied 
from  11  4°C  (52.5°F)  in  the  middle  of  a tidal  flat 
to  16.4°C  (61  5°F)  near  the  mouth  of  Crass  Creek 
(A).  Note  the  occasional  high  temperature  spike 
on  the  PRT-5  graph.  This  spike  is  probably 
caused  by  a voltage  surge  in  the  instrument.  It 
cannot  be  correlated  with  a feature  on  the  im- 
agery. 

Temperature  fluctuations  along  line  23  were 
more  frequent  than  those  along  lines  21  and  22 
because  the  land/water  boundary  was  traversed 
many  times  (Fig.  9).  Temperatures  of  the  harbor 
and  tributary  waters  were  as  follows:  on  the  west 
side  of  the  channel  at  the  confluence  of  the 
Oyhut  and  Campbell  Slough  Channels  (A), 

14.7°C  (58.5°F)  and  15.5°C  (59.9°F);  on  the  east  I* 

side,  at  the  confluence  of  the  Humptulips  River 

and  Chenois  Creek  Channels  (C,  D),  there  was  a 

well  defined  mixing  zone  and  temperatures 

varied  from  12.4°C  (54.3°)  on  the  west  to  14.8°C 

(58.6°F)  on  the  east;  south  of  Pt.  New  and 

Brackenridge  Bluff  (E)  was  a mixing  zone  with 

temperatures  variable  from  14.4°C  (57.9°F)  to 

15.6°C  (60.1  °E);  the  warmest  observed  water, 

17.8°C  (64°F),  along  line  23  was  found  along  the 
shore  from  Pt.  New  to  Grays  Harbor  City  (E,  F); 
water  in  Hoquiam  Reach  (G)  varied  from  12°  to 
13°C  (53.6°  to  55.4°F). 

Water  temperatures  along  line  24  from  west 
of  Rennie  Island  to  Whitcomb  Flats  varied 
minimally  from  14.3°C  (57.7°F)  to  13.5°C 
(56.3°F).  Well  defined  mixing  zones  occurred  in 
the  area  around  Crossover  Channel  (D)  and  south 
of  Moon  Island  Reach  (C,  B).  In  the  channel  west 
of  Whitcomb  Flats  and  east  of  Westhaven  Cove 
(I),  temperatures  were  approximately  14°C 
(57.2°F).  Temperatures  in  Westhaven  Cove  were 
approximately  12°C  (53.6°F). 

In  the  northern  portion  of  South  Bay  (A,  B on 
line  25),  warm  water  from  Redman  Slough  (C) 
and  the  Johns  River  (D)  mixed  with  cooler  water 
further  north.  Temperatures  in  the  mixing  zone 
varied  from  13.5°C  (56.3°F)  to  14  7°C  (58  4°F). 

Temperatures  along  South  Channel  (C,  D)  varied 
from  10.8°C  (51.4°F)  to  12.2°C  (54°F). 


* Letters  refer  to  locations  on  film  strips 
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Figure  10.  Surface  circulation  patterns  inferred  from  NASA  RS-14  thermal  scanner  imagery  acquired  12-13  luly  1974  shown 
in  Figure  9. 


No  distinct 
pottorn* 


Surface  circulation  patterns  inferred  from  NASA  NP-iA  color  and  CIR  photographs  acquired  on  U)  April  1975. 
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1 ho  gonoial  suit.uo  i in  illation  during  lato 
flood  on  It'  April  !*'’  > is  shown  in  I iguio  II 
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Figure  7 3.  Surface  circulation  patterns  inferred  from  NASA  M‘S  imagery  acquired  70  April  7975  shown  in  figure  74 


Surface  circulation  patterns  during  mid  flood 
lust  before  the  time1  of  maximum  flood  currents 
are  show  n in  f injure  I I Water  temperatures  (not 
absolute)  in  the'  northern  portion  ot  Oyhut  Chan 
nel  (A)  varied  from  12°G  (5  1 b°F)  to  1 1 5°C 
(5b  i°H  (ti>>  14)  1 he  tidal  flats  northwest  ot 
Campbell  Slough  Channel  were  approximately 
9°C  (48  2°T)  Uate'r  in  the  Campbell  Slough  (If 
and  C I ig  14)  Humptuhps  Kiver  (1)1  and 
Chenois  Creek  (I  ) Channels  varied  from  10  5°C 
(50  1>°1 ) to  12  5°C  (54  5°l ) Thermal  data  ac 
ciuired  along  line'  22  were  also  variable  as  the' 
land  water  interface  was  frequently  c rossed 
Water  temperatures  were  comparable  to  those 
observed  along  line'  2 1 on  the  west  siefe  ot  North 
Bay  (I  1)  Cl.  10  1°C  (50  2°H  to  1 1 2°C  (55  8°l), 
in  the  central  portion  (B),  10  5°C  (501>°1)  to 
12  )°C  (54  l°f),  and  on  the  east  (A)  near  the 
mouth  of  Grass  Creek.  10  2°C  (50  4°T)  to  12C°C 
(54  7°T) 

Mixing  was  prominent  in  several  locations  as 
observed  on  thermal  data  from  line'  24  smith  ot 
Cow  ft  where  t hehalis  Ki\e>r  water  and  harbor 
water  converge,  in  Cow  ft  , Hciquiam  and  Moon 
Island  Reac  lies  and  south  ot  Brae  kenridge  Bluff 
near  ft  Ne-w  Surface  water  temperatures  varied 
as  follows  in  South  Channel  (A)  southeast  ot 
Rennie  Island,  I0  0°C  (50  0°t ) to  11  4°C  (52  5°1). 
southwest  (B)  ot  Rennie  Island,  as  high  .is  12  5°C 
(54  5°f).  south  1C)  ot  Bowerman  Airport,  10  8°C 
(51  4°().  from  vve'st  cif  the  pipeline  dredge 
disposal  site  1 to  the  west  shore  ot  lower  North 
Bay  (D-G).  12  5°C  (54  5°T)  to  1 1 8°C  (5  1 2°1 1 

Surface  water  temperatures  along  line  24  were 
warmest  in  the  western  halt  ot  the  line  I rum  the 
northern  portion  ot  South  Bay  along  South  Chan 
nel  to  the  area  near  Middle  Channel  (A  G),  f 7 
km  (2  7 nu)  west  ot  Rennie  Island,  temperatures 
varied  from  10  8°C  (51  4°H  to  II  b°C  (52  9°T) 
W ater  (H)  in  Middle  Channel  w as  1 2 5°C  (54  5°l  ) 
to  I ! )°C  (55  9°F ) Water  in  the  North  Channel  (I) 
between  Hoquiam  and  Cow  ft  Reaches  was 
ID  2°C  (50  4°1 ) A well  defined  mixing  /one  was 
apparent  in  the'  South  Channel  near  the  mouth  ot 
lohns  River  temperatures  in  South  Hay  along 
line  25  showed  very  minor  variability.  11  4°C 
(52  5°T ) (B  and  C)  to  1 2°C  (54  t.°f ) (A)  I he  small 
streams  north  (C)  and  south  ot  Grass  Island  in 
South  Bay  were  discharging  water  considerably 
warmer  than  the  bay  water 

tow  altitude  photographs  with  dye  rp/eases 
Surface  current  directions  and  velocities  iie-ar 
the-  north  and  south  |etties  ne'.ir  the'  hopper 
dredge'  disposal  site  I and  south  ot  Moon  Islanef 


were*  estimated  using  low  altitude  photographs 
to  re'e  eird  dispersion  ot  uranine  dy  e (tile1  tracer) 
Howe'voi  several  difficulties  we're'  encountered 
during  tlie'se'  dye'  studies 

I list  because  of  the  low  cloud  ceiling  during 
the-  aircraft  flights  it  was  not  always  possible  to 
gain  enough  altitude  to  photograph  the'  floating 
drogue's  and  adiacent  land  re'te're'iic  e features 
simultaneously  It  was  not  possible'  to  estimate 
ve'loe  itie’s  or  observe'  the  dime  tion  ot  movement 
w he'ii  this  oc  e urrod 

Second,  the-  line'  ot  buoys  near  disposal  site'  1 
(I  ig  4)  consisted  of  anchored  white  and  fluores- 
cent orange1  plastic  gallon  containers  I lie-  white 
buoys  were  more  visible'  on  the'  low  altitude  OR 
photographs  and  the'  organge  more  visible  on 
the'  color  photographs  Occasionally  the'se'  an- 
chored buoys  were  difficult  to  see  on  the* 
photographs  because  they  were  periodically 
c overed  by  waves,  and  because  they  were  easily 
confused  with  the  bright  spots  on  the  waves 
tormed  by  sun  glint  on  the  water  In  addition,  the 
strong  c urrents  at  this  location  moved  the  buoys 
from  their  original  airtight  line  positions  Larger, 
more  stable  buoys  would  be  required  tor  similar 
studies  in  the1  future 

1 bird,  because  the  camera  exposure  setting  is 
critical  with  CIR  photography  (':  stop  latitude), 
and  because  the  weather  conditions  were 
marginal,  with  lighting  continuously  changing, 
the  GIR  photographs  were  frequently  underex- 
posed and  not  useful 

In  spite  of  these  difficulties,  the  dye  disper 
sum  tec  hnique  proved  to  be  very  useful  in  deter 
mining  the  current  directions  and  in  estimating 
velocities  at  several  locations  The  dye  streams 
visible  trom  the  dye  packet  attached  to  the  sta 
(ternary  buoys  on  the  west  side  of  the  buoy  line 
during  Hood,  and  on  the  east  during  ebb,  were 
yery  narrow  and  paralleled  the  buoy  line  during 
all  the'  photographic  passes,  suggesting  strong 
northeasterly  and  southwesterly  surface  cur- 
rents, respectively  (Tig  15)  But  hydraulic  model 
studies  tor  this  area  show  surface  currents  to  be 
more  east  west  I here  appeared  to  be  very  little 
lateral  mixing  or  movement  ot  the  dye  By 
measuring  the  distance  travelled  by  the  dye' 
drogue  between  aircraft  passes,  the  current 
velocities  were  estimated  Velocities  during 
flood  near  disposal  site  1 (measured  trom 
photographs  on  roll  1)  varied  trom  1 4 ill  sec  (4  ti 
tt  sec)  to  2 2 m sec  (7  1 tt  sec)  In  contrast  the 
model  velocities  were  approximately  I 2 in  sec 
(4  0 tt  sec)  During  ebb.  measurements  trom  roll 
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Figure  15.  Dye  stream  at  disposal  site  I during  flood  on  W luly  19 74;  black  and  w hite 
reproduction  of  Ektachrome  MS  Aerographic  color  film  from  roll  I.  pass  I. 


3 varied  from  1.7  m/sec  (5.7  ft/sec)  to  19  m/sec 
(6  3 ft/sec)  Modelled  maximum  velocity  was 
1 61  m/sec  (5  3 ft/sec).  White  and  Knowles  (1976) 
discuss  the  underwater  currents  at  this  disposal 
site  as  observed  during  scuba  dives 

Two  dye  drogues  were  released  at  channel 
buoy  41  during  flood  on  10  luly  in  the  Moon 
Island  Reach  south  of  Bowerman  Airport  (Fig 


16)  The  drogues  gradually  moved  southeasterly 
away  from  the  tidal  flats  and  up  the  reach 
Measured  velocities  were  variable  While  still 
near  the  tidal  flats  shortly  after  release,  the 
velocity  (from  roll  1)  was  approximately  0 9 
m/sec  (2  9 ft/sec)  After  the  drogues  had  moved 
farther  out  into  and  up  the  reach  (roll  1 pass  1 to 
roll  2/pass  2)  velocity  was  approximately  1 5 
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I inure  It*  II luck  unit  \\  lute  reproduction*  of  I ktac hrome  MS  \ orographic  ~0-mm  color  photographs  of  dye  drop 
near  Moon  Island  a roll  I pa**  I h roll  I pa**  2 arrow  mark*  a line  of  piles 


m sev  (4  8 MmhI  Model  test-.  s.ni'  maximum 
velot  ities  ot  0 (>  m set  (JO  II  sei  I and  I 2 m sec 
(4  0 ttsev)  during  tlood  and  ebb  tides  respec- 
tively. at  this  location  I be  dye  patterns  pro- 
duced from  these  drogues  also  suggested  that 
lateral  movement  and  mixing  ot  the  water  was 
greater  in  this  rear  h than  at  the  harbor  mouth, 
probablv  due  to  lower  current  veloiities  and 
greater  bottom  ettei  t 

Dye  drogues  were  also  released  near  the  north 
and  south  letties  However  i ontinued  observa- 
tion ot  the  drogue  near  the  north  |ettv  was  not 
possible  from  the  air  During  tlood  tide  on  10 
I vi lx  it  drifted  into  the  tettv  shortly  after  release 
During  ebb  on  II  lulv,  it  disappeared  shortly 
alter  release  and  the  aerial  photographer  and 
pilot  could  not  follow  its  movement  Movement 
ot  the  tlve  drogue  near  the  south  iettv  was 
observed  during  flood  and  ebb  I lood  velocities 


measured  (from  roll  11  soon  after  release  were 
approximately  0 7 m sec  (2  2 ft  sec)  (Fig  17)  1 he 
approximate  location  of  the  drogue  9 minutes 
after  release  (roll  1 pass  11  is  shown  on 
photographs  taken  on  roll  2/pass  1 (Fig  17a) 
Velocity  measured  for  the  1 minutes  between 
roll  1 pass  1 and  roll  2 pass  1 was  1 1 m sec  (.)  8 
tt  sec)  Alter  it  had  moved  northeast  from  the 
letty,  the  velocity  increased  (roll  2 pass  1 to  roll 
2 pass  2)  to  1 2 m sec  (4  1 ft  sec)  Fbb  velocity 
measured  from  shipboard  observations  on  II 
lulv  was  1 1 m sec  (4  4 tt  sec)  because  of  poor 
(lying  conditions,  the  dye  drogue  was  not 
photographed  during  the  pass  on  11  lulv 

1 he  use  of  the  dye  and  the  low  altitude 
photographs  tor  measuring  its  dispersion  and 
movement  was  very  useful  tor  determining  cur 
rent  directions  and  velocities  With  more 
favorable  weather  conditions,  dye  tracing  could 
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be  accomplished  .it  selected  sites  throughout 
the  harbor  and  provide  circulatory  data  tor 
many  tidal  conditions 

LANDSAT-I  im.i^ory  A cursory  evaluation 
was  made  of  the  utility  of  LANDSAI  1 imagery 
in  providing  data  that  would  be  useful  tor  dredg- 
ing effects  or  related  studies  in  Grays  Harbor 
I he  following  images  were  used  image 
lib1)  18175,  acquired  8 lanuary  1**7  i,  image 
1187  18181),  acquired  2b  lanuary  1971,  image 
1205-18.182.  acquired  11  February  197  1,  and.  im 
age  1419  1 8 lb  1,  acquired  5 October  1971 
Predicted  tidal  stages  at  Aberdeen  during  the 
time  of  image  acquisition  were  tor  1 lb9  18175. 
early  flood  (=  15  hours  after  low  water), 

1 187  18  180.  late  ebb  (=  2 hours  before  lower  low 
water),  1205  18182,  early  ebb  1=  2 hours  alter 
higher  high  water),  and,  1 4 19-18  lb  I . nud  ebb  (2  5 
hours  before  low  water)  (National  Ocean  Survey 
1972b)  Approximate  tidal  currents  at  these 
tunes  were  1189-18175.  1 hour  after  low  water 
slack,  0 (i  m sei  (1  9 ft/sec)  flooding,  1 187  18  180, 
0 5 hours  after  maximum  ebb,  1 1 m/sec  (4  25 
ft  sec)  ebbing;  1205-18182,  1 1 hours  after  high 
water  slack,  0 5 m/sec  (1  1 tt  sec)  ebbing;  and, 
1419  1 8 Ibl , 40  minutes  before  maximum  ebb, 
0 b m/sec  (2  ft, sec)  ebbing  (National  Ocean 
Survey  1972a) 

Original  70-mm  (2  75-in)  IANDSA1  negative 
transparencies  (approximate  scale,  I 1, 100,000) 
were  received  from  the  Corps  of  ) ngineers 
LANDSAI  depository*  and  enlarged  in  house  to 
the  following  nominal  scales:  I 1,000,000, 
1:500,000.  1 : 250,000  and  1 120,000  Generally, 
the  1 1,000,000  rendition  appeared  clearer  and 
showed  greater  contrast  than  the  larger  s<  aled 
prodin  ts  Sn  addition,  the  latter  versions  were 
physically  larger,  but  showed  less  ground 
coverage  per  print  However,  the  1 500,000  or 
1:250.000  products  were  considered  the  most 
convenient  for  handling 

Surface  water  patterns  (1)  were  visible  near 
and  north  of  the  mouth  of  Grays  Harbor  (2)  dur- 
ing early  flood  on  8 lanuary  197 1 (F  ig  18)  I here 
appeared  to  be  a northerly  < urrent  along  the 
Washington  coast  and  these  patterns  indicate 
the  path  taken  by  suspended  particulates  or 
dissolved  solids  discharged  from  the  harbor  dur 
ing  the  previous  ebb  Similar  patterns  were 
discernible  west  of  Willapa  Hay  (1)  Ihe  posi- 
tions of  tidal  flats  (4)  in  North  Hay  and  islands  (5) 


were  especially  evident  The  darker  flats  were 
probably  submerged  during  the  previous  high 
water,  but  the  lighter  flats  were  not  Tonal  dif- 
ferences of  the  harbor  water  may  have  been  due 
to  turbidity  but,  more  likely,  they  resulted  from 
light  reflected  off  the  harbor  bottom  Generally, 
the  darker  water  is  indicative  of  deeper  water. 

I urbidity  patterns  along  the  Washington  coast 
apparent  on  the  1 1,000,000  scale  rendition  (Fig 
19)  of  image  1187-18180,  acquired  2b  lanuary 
197  1,  clearly  showed  northerly  coastal  currents 
(Davidson  current)  that  predominate,  especially 
in  the  winter  Scheidegger  and  Phipps  (197b) 
reported  the  sands  from  the  Columbia  River  (to 
the  south)  are  transported  northward  via  these 
littoral  currents,  deposited  along  the  beaches 
and  in  the  near  shore  zone  adpu  ent  to  the  en- 
trant e ot  the  harbor,  and  eventually  move  into 
the  harbor  by  tidal  currents  Ihe  image  was  ac- 
quired during  late  ebb  and  the  water  discharging 
from  the  harbor  was  very  evident  As  in  Figure 
18,  the  1 500,000  scale  enlargement  (Fig  20) 
shows  the  configuration  and  location  of  the  tidal 
flats  and  of  the  deep  (1)  and  shallow  water  (2) 

Haze  appeared  to  obscure  much  of  the  detail 
of  the  surface  water  in  Grays  Flarbor  on  1.1 
February  197.1  (Fig  21)  Nearshore  coastal  cur- 
rents appeared  to  be  northerly  and  at  several 
locations  (1)  rip  currents  were  prominent  Ihe 
enlargement  (Fig  22)  of  Figure  21  showed  less 
surface  water  detail  than  observed  in  Figures  18 
and  19  Surface  currents  near  the  harbor  en- 
trance were  ebbing  at  approximately  0.9  m/s ec  (.1 
ft/sec)  about  1 1 hours  after  high  water  slack, 
and  tidal  stage  was  early  ebb  Most  of  the  tidal 
flats  were  still  submerged  and  the  tonal  varia- 
tions in  the  water  were  probably  due  to  variable 
water  depths  Instrument  noise  (1)  and  clouds  (2) 
dominate  image  1439-18361  acquired  .5  October 
1973  (Fig  23).  Tidal  flats  (3)  and  islands  (4)  in 
North  Hay  are  visible,  but  cloud  shadows  (5) 
cause  confusing  patterns. 

Although  LANDSAI -1  imagery  was  useful  in 
observing  large  scale  currents  along  the 
Washington  coast,  circulation  patterns  within 
Grays  Harbor  were  not  apparent  However,  the 
locations  ot  tidal  flats,  navigation  channels  and 
islands  were  evident  Generally,  it  is  felt  that  the 
imagery  would  not  provide  information  of  any 
direi  t application  to  monitoring  currents  and/or 
sediment  patterns  in  the  harbor 
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classification  of  Oregon  salt  marshes  whirl i ho 
reported  to  he  similar  to  those  in  Washington, 
and  previous  studies  ot  Grays  Harbor  marshes, 
the  tollowmn  marshland  vegetation  types  were 
mapped  low  silty,  low  sandy,  sedne,  high  im 
mature,  high  mature,  diked  salt  marsh,  diked 
pasture,  freshwater  marsh,  and  wooded  swamp 
(I  in  24  I able  XII)  Low  sandy  marshes  usually 
occur  on  bay  mouth  sand  spits  and  .ire  typified 
by  a loss,  si  altered  to  continuous  vegetation 
lover  Coalnsi  mg  iiriular  i limes  ot  ioloni/inn 
plants  at  lovy  intertidal  elevations  i harai  teri/e 
loyy  silty  marshes  that  are  dominated  by  one  and 
two  speiies  i ommumties  Sedne  marshes  oi 
i u|iy  intermediate  elevations  on  sand  and  silt 
Pure  stands  or  nearly  pure  stands  ot  ( are y 


l\ngh\oi.  distinguish  the  sedne  marsh  Hjn’b 
marshes  were  identified  by  an  abrupt  elevation 
rise  ot  0 t I ri  m ll  S tt)  above  the  tide  tlat 
Venetation  cover  was  lontinuous  with  two  to 
three  species  domination  i ommumties  ot  im 
mature  hinh  marsh  and  more  temples  mm 
numities  dominatmn  mature  hinh  maish  letter 
son  ( 1 *17 S)  tound  hinh  marshes  to  be  mine  10m 
mini  alonn  the  uppei  reai  lies  ot  the  estuaries 
this  is  the  i ase  tor  (hays  Haihoc  in  South  Hay 
and  the  Ilk  Kner  estuary  Howevei  hinh 
marshes  ate  extremely  limited  m lunher  portions 
ot  the  ( hehalis  Kiver  estuary  bei  ause  ot  urban 
ern  roai  hment  and  othi'i  land  development  ai 

liv  Mies 
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Diked  salt  marsh  generally  occurred  .it  the  2 S m (l(>  to  8 2 tt)  tall  in  summer  Wooded 

highest  extremes  ot  high  marshes  I his  type  was  slump  was  similar  to  freshwater  marsh  hut  was 

characterized  by  being  diked,  dominated  by /un-  characterized  by  a tree  overstor\  \ ('gelation 

cu s sp  , Afiroslis  sp  and  Polvnlill a pacific.},  with  was  dominated  by  r ommumties  ot  Ainu s rubra, 

scattered  Pvrus  fusc.i  and  invading  I’ico.)  sitchvn-  thuja  p/icafa  ( ares  ahnupta  and  Lvsichitum 

sis  These  areas  were  ungrazed,  and  intluenced  amcric.mum 

mainly  hv  freshwater  Vegetation  was  generally  Sixteen  fierrent  of  the  area  between  mean 

0 r>  to  1 r>  m It  ti  to  S tt)  tall  lower  low  water  (Ml  I V\ ) and  extreme  high  water 

Diked  pasture  was  heavily  grazed  by  (I  MW)  was  salt  marsh  t ive  defined  types  ot  un 

livestock,  diked  and  removed  trom  tidal  in  diked  salt  marsh  t onipnse  1 S ) t km  ' ( 1740  .u  res) 

tluence.  and  was  generally  adjacent  to  a tidal  ot  (irays  Harbor  wetlands  Another  (>  88  km- 

stream  or  slough  Vegetation  was  dominated  by  (lt>80  ai  res)  have  been  diked  drained  or  other 

pasture  grasses  (Mil  to  0 I ill  (0(H  to  (I  1 ttl  tall  wise  altered  by  man  tor  agm  ultural  use  I his 

freshwater  marsh  was  inundated  by  standing  diked  at  reage  in  most  i .isi-s  was  probably 

water  tor  mm  h ot  the  year  I he  vegetation  was  taken  trom  higher  salt  marshes,  most  likely  trom 

dominated  by  ( arex  o Imupt.i  1 1 ecu  h.ui  s the  high  immature  or  high  mature  salt  marsh 

pa/irsfris.  and  Phalan x grunt/rnaceae  up  to  0 5 to  types  Diked  areas  are  sublet  t to  tidal  Hooding 
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I inure  J i dr.  ns  Harbor  .mil  the  northwestern  Washington  toast  l-WPSAI  I band  S imam' 
14  hi  Itlltil  , icqmreil  “»  October  ll)~l  .ipprimm.ite  si. lit'  II  ()(>().(>()<) 


m sonic  arc.is  because  ot  tidal  sloughs  mu  li  as 
Redman  Slouch  .it  Omsta 

Approximately  I 0 J kin-'  (Jr>0  at  res)  ol 
freshwater  marsh  are  t ontiuuous  to  Grays  Har- 
bor Mam  ot  these  areas  were  apparently  form 
ed  In  sandspits  blot  kill};  small  streams  draining 
into  Ci ray  s Harbor  VV  ooded  syy  amp  consist  inn  ot 
t f)r>  km-'  ('f4t>  .11  res)  was  identifier)  < ontif’iioiis  to 
(days  Harbor  I he  beaver  (( .is/or  canadensis) 


yy.ts  usually  associated  ryith  this  type  ot  swamp 
I lie  ) 8H  knr'  (‘Ml)  at  res)  is  a ycry  conservative 
estimate  I ar^e  areas  ot  tills  type  (or  a similar 
habitat)  ot  t ur  in  the  Humptulips  River  delta 
area  and  were  not  int  lulled  in  tins  estimate 
Diked  anil  undiked  salt  marsh  ty|ies  encompass 

J2  km-  (ri4Jt)  at  res) 

I be  seduc  marsh  type  has  been  most  allot  ted 
by  dredged  material  deposition  in  t oii|inii  tion 


Figure  24.  Distribution  of  wetland  vegetation  in  Grays  Harbor,  7975  [from  Smith  et  at.  (1976]]. 


Table  XII.  Areal  extent  of  Grays  Harbor  marshland 
types,  1975.  (Adapted  from  Smith  et  al.  1976.) 


Areal  extent 

Wetland  type (km1)  (acres) 


Undiked  salt  marsh 

Low  silty  marsh 

6.64 

1620 

Low  sandy  marsh 

2.66 

650 

Low  marsh  subtolal 

9.30 

2270 

High  immature  marsh 

0.98 

240 

High  mature  marsh 

4.22 

1030 

High  marsh  subtotal 

5.20 

1270 

Sedge  marsh 

0.82 

200 

Undiked  salt  marsh  subtotal 

15.33 

3740 

Diked  salt  marsh 

4.46 

1090 

Diked  pasture 

2.41 

590 

Diked  area  subtotal 

6.88 

1680 

Salt  marsh  subtotal 

Freshwater  marsh 

1.02 

250 

Wooded  swamp 

3.85 

940 

Freshwater  subtotal 

TS7 

7T5TT 

Total  marshlands 

27.10 

6610* 

* Due  to  rounding,  numbers  may  not  add  up  to  total. 


Table  XIII.  Total  acres  used  as  dredged  material  dis- 
posal areas  in  Grays  Harbor,  1950-1975  (from  Smith 
et  al.  1976). 


Area 


Location 

(km1) 

(acres) 

(ml1) 

West  of  Hoquiam  River  and 

2.6 

650 

1.0 

NE  of  Bowerman  Field 

East  of  Hoquiam  River  to 

1.9 

400 

0.6 

Highway  101  bridge 
over  Chehalis  River 
Bowerman  Field  and  Site  E 

4.2 

1000 

1.6 

Rennie  Island 

South  Channel  v 

5.2 

1300 

2.0 

Middle  Channel  J 

North  Mid-harbor  Flats 

2.1 

500 

0.8 

Total 

16.0 

3850 

6.0 

with  expansion  of  the  urban  area.  However, 
estimation  of  the  extent  of  sedge  and  other 
marsh  destruction  without  previous  baseline 
data  is  extremely  difficult  and  subject  to  a high 
degree  of  error 

Based  on  aerial  photographs  taken  in  April 
1950,  approximately  2 66  km!  (650  acres)  of  tidal 
flat  and  salt  marsh  has  been  removed  from  the 
estuary  west  of  the  Hoquiam  River  and  north- 
east of  Bowerman  Field  (Table  XIII)  These 
photographs  show  Rennie  Island  to  be  less  than 
a third  of  its  present  extent  These  changes  are 


due  to  dredged  material  deposition  It  also  ap- 
pears that  another  1.64  km:  (400  acres)of  tidal 
flat  and  marsh  east  of  the  Hoquiam  River  to  the 
present  Highway  101  bridge  over  the  Chehalis 
River  have  been  filled  since  about  1950  Other 
areas  affected  by  dredged  material  disposal  in 
Grays  Harbor  are  summarized  in  Table  XIII  Ap- 
proximately 15.7  km'  (3850  acres)  have  been 
premanently  removed  from  tidal  influence  since 
1950. 

The  areal  distribution  and  extent  of  three 
classes  of  eelgrass  were  mapped:  Zostera  noltii. 
"dense”  Z.  marina  and  "sparse"  Z.  marina  (Table 
XIV).  The  "sparse"  Z.  marina  beds  were  not 
sampled  quantitatively  because  of  large  in- 
herent variability  in  the  occurrence  of  the  plant 
Ground  checks  at  several  locations,  however,  in- 
dicate that  "sparse"  beds  are  an  order  of 
magnitude  less  dense  than  dense  beds.  Figure  24 
shows  the  locations  of  dense  and  sparse  beds  of 
Z.  marina  and  beds  of  Z.  noltii. 

Elevation  data  acquired  along  transects 
visited  during  ground  surveys  were  used  to 
determine  the  intertidal  range  of  the  eelgrass 
beds  Most  of  the  denser  Z.  marina  in  Grays  Har- 
bor occurred  at  or  above  the  +0.3  m (10  ft) 
MLLW  Keller  (1963)  concluded  that  desiccation 
during  exposure  at  low  tide  undoubtedly  affects 
vegetation  vigor  and  reproduction  However, 
water  remaining  in  shallow  depressions  in 
mudflats  apparently  permits  clumps  of  Z.  marina 
to  survive,  reproduce,  and  grow  This  seemed  to 
be  the  prevalent  condition  in  Grays  Harbor 

Other  factors,  including  water  temperature, 
weather  conditions,  chemical  pollution,  turbid- 
ity from  dredging,  oyster  culture,  and  siltation 
rate  can  be  causal  factors  in  changing  eelgrass 
distribution  and  density  (Parker  1975,  McRoy 
1966)  Any  activity  that  alters  tidal  action  can 
also  cause  changes  in  Z.  marina  occurrence  and 
distribution  (Keller  1963).  In  Grays  Harbor,  dur- 
ing 1975,  Z.  marina  seemed  to  do  well  at  eleva- 
tions up  to  +0  9 (3  ft).  It  is  also  certain  that 
elevational  increases  beyond  this  point  will 
reduce  or  eliminate  the  density  of  Z.  marina 
below  present  levels. 

Z.  noltii  was  found  only  in  the  higher  portions 
of  the  transects,  usually  on  small  mounds  The 
estimated  lower  limit  of  occurrence  for  Z.  noltii 
in  Grays  Harbor  was  approximately  +0  9 m (3 
ft).  It  was  only  abundant  at  + 1 .5-1.8  m (5-6  ft)  or 
higher  on  tideflats  Z.  noltii  also  occurred  in 
many  creek  channels,  forming  exceptionally 
dense  clusters  It  is  obvious  from  Figure  24  that 
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Table  XIV.  Areal  extent  of  Zostera  marina  and  Zostera  no/tii  in  Grays 
Harbor,  June  1975).  (Adapted  from  Smith  et  al.  1976.) 


l.  marina 

Dense  Sparse  lota! /.  nultii 

Location  (acres)  (Mm1)  (acres)  (km1 ) (acres)  (km1)  (acres)  (km1) 


North  side* 

3020 

12.4 

1780 

7.3 

4,800 

19.7 

South  side t 

1280 

5.3 

170 

t 

0.7 

1,450 

5.9 

Mid-harbor  flats 

1240 

5.0 

3510 

]■ 

4.4 

4,750 

1 9.5 

Total  harbor 

5540 

22.7 

5450 

2; 

2.4 

1 1 ,000 

45.2  680 

2.7 

Total  /.  marina  and  Z.  noltii  - 

47.88  km: 

(1 1 ,680  acres) 

* North  of  major  shipping  channel, 
t South  of  major  shipping  channel  anil  South  Channel. 


Table  XV.  Areal  relations  in  Grays  Harbor,  1975.  (Adapted  from  Smith  et  al.  1976.) 

Area 


Area  description 

data  used 

Ikm1 ) 

(acres) 

1)  Entire  harbor  to  EHW 

C and  GS  chart  6195 

221.4 

54.720 

2)  Entire  harbor  to  +2.7  rr.  (+9  ft) 

USAGE  1968  topo- 
graphic data 

217.3 

53,696 

3)  MLLW  to  EHW 

C and  GS  chart  6195 

136.0 

33,600 

4)  MLLW  to  +2.7  m (+9  ft) 

USAGE  1968  topo- 
graphic data 

115.5 

28,544 

5)  Salt  marsh 

This  study , Table  XII 

22.0 

5,420 

6)  Tiileflals 

MLLW  to  EHW  minus 

salt  marsh 

1 14.0 

28,160 

7)  Total  eelgrass 

f his  study , Table  XIV 

47.4 

1 1 ,680 

8)  Total  "dense"*  /.  marina 

This  study , Table  XIV 

22.5 

5,540 

9)  -0.9  to  +0.9  m (-3  ft  to  +3  ft) 
estimated  growth  range  ot  eelgrass 

USAGE  1968  topo- 
graphic data 

46.6 

1 1 ,520 

10)  Inner  harbor  area  used  as  dredged 
material  disposal  sites,  to  1975 

G and  GS  chart  6195; 
USAGE  aerial  photo- 
graphs, 1950 

16 

3,850 

* Dense  eelgrass  ranged  from  36.8  turions/m:  to  J37.6  turions/m:,  with  a mean 
ot  79.8  turions/nr . 


Z.  noltii  occurs  at  higher  elevations  (adjacent  to  Grays  Harbor  is  summarized  in  Table  XV  Z. 

shoreline)  than  Z.  marina  In  most  cases,  aggrega-  marina  occupies  45.1  km'  (11,000  acres)  of  the 

tions  of  each  type  of  plant  were  readily  total  47  88  km'  (11.680  acres)  covered  by 

separable  from  one  another  because  of  growth  eelgrass  in  1975  "Dense'  Z.  marina  makes  up 

at  characteristic  elevations  "Dense"  Z.  marina  is  slightly  over  half  of  the  total  area  occupied  by  Z. 

found  in  protected  waters  at  elevations  below  marina 

+ 0 9 m (J  ft)  in  most  areas  of  the  harbor  Z.  The  relationship  of  Zostera  acreages  to  other 

marina  and  Z noltii  are  absent  from  the  west  end  acreages  in  Grays  Harbor  is  summarized  in  Table 

of  Whitcomb  Flats  and  the  Sand  Island  shoals  XV  doth  Zostera  species  occupy  41  6%  of  all 

where  wave  action  is  intense  Figure  24  also  tidal  flats,  while  dense  Z.  marina  covers  19  7% 

shows  that  eelgrass  is  absent  from  the  im-  of  all  tidal  flats 

mediate  site  E area;  this  is  directly  attributable  Table  XV  also  shows  the  estimated  growth 

to  elevation  increases  due  to  dredged  material  range,  -0  9 to  +0.9  m (-3  to  +3  ft),  of  Z. 

disposal  at  site  E Conservatively,  0.71  km'  (175  marina  in  Grays  Harbor  Plus  0 9 m ( + 3 ft)  was 

acres)  of  "dense"  eelgrass  has  been  destroyed  in  the  highest  elevation  at  which  "dense"  Z.  manna 

the  site  E disposal  area  occurred  in  Grays  Harbor  Minus  0.9  m (—3  ft) 

The  areal  extent  of  Z.  noltii  and  Z.  marina  in  was  chosen  as  the  lower  growth  limit  based  on 
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ground  surveys  which  indicate  that  eelgrass  did 
not  occur  below  — O b or  — 0 9 m ( — 2 or  — 3 ft). 
Scoured  channels  with  steep  banks,  caused  by 
strong  currents,  and  low  light  penetration  due  to 
turbid  conditions  inhibit  eelgrass  growth  below 
-0  9 m (-3  ft) 

This  study  has  shown  that  Grays  Harbor  Z. 
marina  occurred  in  "dense"  stands  at  elevations 
higher  than  those  reported  from  other  areas  It  is 
interpreted  that  the  aggregated  pattern  of  Z. 
marina  occurrence  suggests  an  adaptation  to  sur- 
vival at  intertidal  elevations  generally  higher 
than  considered  optimum  for  this  plant  It  was 
also  determined  that  dense"  Z.  marina  does  not 
occur  above  + 0 9 m ( + 3 ft)  in  Grays  Harbor 

These  data  indicate  that  a threat  to  Z.  marina 
occurrence  and  productivity  in  Grays  Harbor  is 
presented  by  dredged  material  disposal,  namely, 
that  of  raising  tidal  flat  areas  above  the  growth 
range  for  Z.  marina  In  view  of  the  productive 
nature  of  Z,  marina  and  its  importance  to  the 
estuarine  and  adjacent  coastal  systems,  dredged 
material  disposal  should  not  take  place  where  Z. 
marina  occurs  Disposal  at  site  E has  already 
eliminated  at  least  071  km'  (175  acres)  of 
"dense"  eelgrass  beds  and  may  have  lowered  the 
productivity  of  adjacent  Z.  marina  by  raising  in- 
tertidal elevations  above  those  optimum  for 
eelgrass  growth 

The  data  presented  on  distribution  and  extent 
of  Grays  Harbor  eelgrass  are  valid  for  1975  only 
Waddell  (1964)  pointed  out  that  yearly  changes 
of  more  than  100%  in  extent  of  eelgrass 
coverage  have  occurred  in  Areata  Bay  and  Hum- 
bolt  Bay,  California  Similar  changes  are  likely  in 
Grays  Harbor,  depending  on  grow  ing  conditions 
and  other  factors  It  is  not  possible  to  judge 
whether  1975  was  an  average  or  a typical  year 
for  eelgrass  in  Grays  Harbor 

Conventional  techniques 

Shipboard  surveys 

Temperature,  salinity  and  suspended  sedi- 
ment concentration  data  were  acquired  during 
flood  and  ebb  from  9 to  11  luly  1974  using  con- 
ventional shipboard  sampling  methods  The  data 
were  subsequently  used  to  prepare  surface 
temperature,  salinity  and  sediment  distribution 
maps  These  maps  were  then  used  to  infer  sur- 
face circulation  patterns  Phipps  (1977)  also  used 
these  data  to  prepare  distribution  maps 

Surface  temperature  distribution  during  late 
ebb  tide  (after  predicted  maximum  ebb  currents 
at  harbor  entrance)  and  low  water  slack  on  9 luly 


1974  (refer  to  Tables  Vlll-X)  is  shown  in  Figure 
25a  Warmer  harbor  water  has  migrated  toward 
the  harbor  mouth  and  has  appeared  to  move 
nearer  the  mouth  on  the  north  side  possibly 
because  of  the  Coriolis  effect.  Cooler  oceanic- 
water  was  generally  restricted  to  the  area  be- 
tween Damon  Pt  and  Westhaven  Cove  (Fig  1), 
although  there  appeared  to  be  a minor  intrusion 
of  oceanic  water  into  the  harbor  on  the  south 
Oceanic  surface  water  intrusion  occurred  in  the 
channel  |ust  north  of  Whitcomb  Flats. 
Temperatures  increased  upstream  in  the  naviga- 
tion channels  to  the  area  near  the  confluence  of 
the  Chehalis  and  Wishkah  Rivers. 

Surface  temperature  distribution  and  inferred 
circulation  patterns  during  late  flood  (Fig.  25b), 
after  predicted  maximum  flood  currents  and  just 
before  high  water  slack,  were  more  complex 
than  those  observed  during  late  ebb  (Fig  25a) 
Oceanic  water  flooding  into  the  harbor  ap- 
peared to  occupy  most  of  the  harbor  mouth.  The 
small  cove  east  of  the  east  end  of  the  south  jetty 
and  the  area  east  of  Westhaven  Cove  contained 
warmer  water,  and  circulation  out  of  these  areas 
may  have  been  reduced  because  these  areas  are 
protected  from  the  main  harbor  currents  The 
cooler  oceanic  water  had  also  migrated  past 
Damon  Pt  and  mixed  with  the  water  |ust  north 
of  Damon  Pt..  although  it  appears  that  ebb  flow 
may  have  started  along  the  north  side  of  the  en- 
trance Temperatures  in  Crossover  and  Moon 
Island  Channels  were  lower  than  those  at  the 
harbor  mouth,  suggesting  that  colder  water 
below  the  surface  may  have  come  to  the  surface 
in  this  area  during  flood  tide  Warmer  water 
observed  near  the  harbor  mouth  during  ebb  (Fig 
25a)  was  pushed  up  the  harbor  during  flood  and 
was  restricted  to  the  harbor  east  of  Rennie 
Island 

Surface  salinity  data  acquired  concurrently 
with  the  temperature  data  showed  the  same 
general  patterns  as  previously  observed  During 
late  ebb  (Fig  26a)  the  less  saline  water  from  the 
eastern  harbor  migrated  toward  the  mouth  The 
major  portion  of  the  ebb  stream  appeared  to 
move  through  the  harbor  mouth  along  the  north- 
ern side  The  highest  salinities  were  found  in 
South  Bay,  east  of  Westhaven  Cove,  in  the  har- 
bor mouth  and  in  the  southern  portion  of  North 
Bay  The  saline  water  in  North  and  South  Bays 
may  have  been  oceanic  water  that  was  not  flush- 
ed from  the  harbor  during  ebb  because  it  was  in 
areas  protected  from  the  mam  ebb  stream  Mix 
ing  of  oceanic  and  brackish  water  appeared  to 
intensify  at  two  locations:  west  of  Rennie  Island 
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Surface  temperature  distribution, 
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Figure  25  fcont'd).  Surface  temperature  distribution,  9 luly  1974. 


a.  Late  ebb. 

Surface  s abnity  distribution,  9 luly  1974. 


Surface  salinity  distribution,  9 luly  19 74 
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(A)  where  a rapid  salinity  change,  from  18  to  20  9 
ppt,  was  observed  and  east  of  the  harbor  mouth 

(B)  where  salinity  changed  from  25  to  21  ppt 

During  flood  (Fig  2t>b)  the  oceanic  and  mixed 

water  had  migrated  upstream  to  the  limits  of  the 
sampling  area  Rapid  salinity  changes  east  (C) 
(16-18  ppt),  north  (B)  (17-23  ppt)  and  west  (A) 
(22-27  ppt)  of  Rennie  Island  suggested  that  mix- 
ing was  very  active  in  this  area  West  of  Moon 
Island  to  the  harbor  mouth  salinity  changes  were 
less  pronounced,  2b-28  ppt,  but  variable  Water 
more  saline  than  observed  at  the  mouth 
(25  b-2b  5 ppt)  was  found  in  the  area  of  Crossover 
Channel  (28-28  8 ppt),  in  southern  North  Bay 
(2b-31  ppt),  and  in  northern  South  Bay  (27  ppt) 
These  high  salinity  /ones  may  have  been  caused 
by  upwelling  of  subsurface  water  which  is 
generally  more  saline  It  appeared  that  the  ma- 
jor portion  of  the  flood  stream  on  the  surface  oc- 
cupied the  central  and  southern  parts  of  the  har- 
bor mouth 

Suspended  sediment  concentrations  were  low 
and  distributions  were  complex  Few  discernible 
circulation  patterns  were  apparent  from  these 
ground  truth  data  or  from  the  sediment  patterns 
observed  on  the  NASA  photography  During  late 
ebb  (Fig  27a,  also  see  Fig  1)  the  lowest  concen- 
trations were  found  north  of  Rennie  Island  (b 
mg/I),  in  Cow  Pt  Reach  (9.1-10.2  mg/I)  and  south 
of  Damon  Pt  (114  mg/I)  The  highest  concentra- 
tions were  found  north  and  northwest  of 
Westhaven  Cove  Generally  concentrations  were 
higher  in  the  surface  water  during  ebb  than  dur- 
ing flood  (Fig  27b)  The  ebb  currents  in  the  har- 
bor are  usually  stronger  than  the  flood  currents 
The  ebb  currents  may  therefore  resuspend  more 
sediment  from  the  tidal  flats 

Surface  temperature  distribution  during  late 
flood-early  ebb  (after  predicted  high  water  slack 
and  before  maximum  ebb  currents  at  the  harbor 
entrance)  on  10  )uly  1974  is  shown  in  Figure  28a 
This  distribution  was  similar  to  that  in  Figure  25b 
with  cooler  water,  13  2°-14°C  (55  7°-57  2°F), 
near  the  harbor  entrance  and  warmer,  15°-lb°C 
(59°-bO  8°F),  east  of  Moon  Island  Coldest 
temperatures  were  found  approximately  3 km 
(4  8 mi)  northeast  (A)  of  Westhaven  Cove  Water 
from  below  the  surface  may  have  been  brought 
to  the  surface  by  the  strong  currents  and/or 
because  the  harbor  bottom  becomes  shallower 
at  this  location 

Surface  temperature  distribution  during  late 
ebb-early  flood  (from  2 hours  after  maximum 
ebb  currents  through  low  water  slack  to  two 


hours  before  maximum  flood.  Table  VIII)  on  10 
luly  1974  is  shown  in  Figure  28b  The  warmer 
water  from  the  eastern  harbor  had  migrated 
toward  the  harbor  entrance  as  shown  on  Figure 
25a  Temperatures  near  the  entrance  (Fig  25a 
and  28b)  were  also  similar,  although  warmer 
water,  14°-15  1°C  (57  2°-59  2°F),  occupied  the 
northern  portion  of  the  entrance  on  10  luly 

Highly  variable  surface  salinities  (Fig  29a)  oc- 
curred at  the  harbor  entrance  (23-27  ppt),  in 
Crossover  Channel  (23  9-25  5 ppt),  south  of  Moon 
Island  (208-23  1 ppt),  north  of  Rennie  Island 
(14  4-19  7 ppt)  and  in  Cow  Pt  Reach  (11,1-14  1 
ppt).  Salinities  in  southwestern  North  Bay  and 
northwestern  South  Bay  were  3 to  4 ppt  higher 
than  at  the  entrance  More  saline  bottom  water 
may  have  been  brought  to  the  surface  in  the 
shallower  zones  south  of  Damon  Pt  and  north  of 
Westhaven  Cove  (Fig  29a)  Inferred  surface  cur- 
rents tend  to  be  circular  during  this  transition 
time  between  ebb  and  flood 

Salinities  during  late  ebb-early  flood  (Fig  29b) 
were  less  variable  at  the  harbor  entrance  than 
observed  in  Figure  29a  and  comparable  to  those 
acquired  on  9 luly  (Fig  2ba).  Note  the  two  areas 
(A  and  B)  of  rapid  salinity  change  The  only  cur- 
rent pattern  inferred  on  Figure  29b  was  the 
movement  of  less  saline  water  (25-27  ppt)  across 
the  entrance  from  Damon  Pt.  to  just  north  of 
Westhaven  Cove. 

Suspended  sediment  concentrations  of  the 
flooding  oceanic  water  (Fig.  30a)  are  approx- 
imately 5-8  mg/I  lower  than  and  were  less 
variable  than  those  of  the  water  at  the  entrance 
at  the  end  of  ebb  tide  on  10  luly  1974  (Fig  30b) 
The  clearest  water  near  the  harbor  entrance  dur- 
ing flood  (Fig  30a)  was  observed  in  the  center 
Greater  concentrations  occurred  in  the 
shallower  areas  east  of  Westhaven  Cove,  north 
and  east  of  Damon  Pt  and  locally  along  the 
navigation  channels  Lowest  concentrations  in 
the  harbor  were  found  in  the  Chehalis  River  near 
Aberdeen 

Concentrations  during  late  ebb-early  flood 
(Fig  30b)  were  highly  variable  along  the  naviga- 
tion channels  and  near  the  entrance.  Because 
the  water  with  highest  concentrations  generally 
occurred  in  the  shallower  locations,  sediment 
reworking  was  probably  the  cause  of  the  ob- 
served suspended  sediment  patterns. 

Shipboard  data  were  acquired  during  late 
flood-early  ebb  [from  approximately  40  min 
before  high  water  slack  to  2 hours  before  max- 
imum ebb  currents  at  the  harbor  entrance  (Table 
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Surface  suspended  sediment  distribution , 9 July  1974. 
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a.  Late  flood  — early  ebb. 

Surface  temperature  distribution,  10  July  1974 


a.  Late  flood  — early  ebb. 

Surface  salinity  distribution,  10  luly  1974. 
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VIII)]  and  during  late  ebb-eariy  flood  [from  ap- 
proximately 1.5  hours  before  low  water  slack  to 
1.2  hours  before  maximum  flood  currents  at  the 
harbor  entrance  (Table  VIII)]  on  11  July  1974. 
Temperature  distribution  (Fig.  31a)  showed  that 
cooler,  13  5°-14°C  (56.3°-57.2°F),  flooding 
oceanic  water  was  entering  the  harbor  in  the 
southern  half  of  the  entrance;  warmer  harbor 
water,  14°-148°C  (57.2°-58.6°F),  occupied  the 
northern  half  of  the  entrance.  This  distribution 
may  also  have  indicated  that  during  early  ebb 
harbor  water  initially  flushed  through  the  north 
side  of  the  entrance.  As  observed  from  9 and  10 
July  data  the  warmer  temperatures  were  found 
in  the  southwest  North  Bay,  northwest  South 
Bay  and  east  of  Moon  Island. 

Surface  temperatures  in  the  harbor  during  late 
ebb-early  flood  (Fig.  31b)  were  higher  than  dur- 
ing flood,  since  the  cooler  oceanic  surface  water 
was  flushed  and  warmer,  fresher  water  migrated 
into  the  harbor.  Temperatures  at  the  entrance, 
14  1°-15.6°C  (57.5°-60.1°F),  indicated  that 
warmer  water  in  the  eastern  part  of  the  main  har- 
bor and  in  the  upper  portions  of  North  and  South 
Bays  had  migrated  to  the  entrance  during  ebb. 

Salinity  data  (Fig.  32a)  at  the  harbor  entrance 
showed  a well  defined  interface  between  sur- 
face waters  on  11  July  1974.  21.2-23.6  ppt  in  the 
northern  half,  24-25  ppt  in  the  southern  half. 
High  salinities  were  found  in  North  and  South 
Bays  where  flooding  water  had  advanced.  Rapid 
salinity  decreases  occurred  southwest  of 
(24.2-22.4  ppt)  and  south  of  (20.2-14.3  ppt)  Moon 
Island  and  north  of  Rennie  Island  (13  9-9  3 ppt). 
During  ebb  (Fig.  32b)  the  fresher  waters  migrated 
toward  the  harbor  entrance  and  areas  of  rapid 
change  were  found  southwest  of  Moon  Island 
(14  6-18.9  ppt)  and  in  the  vicinity  of  East  Reach 
(North  Channel)  (19.2-24.0  ppt).  At  the  entrance 
an  area  of  lower  salinity  (23.3-24.8  ppt)  was  sur- 
rounded by  more  saline  water  (25-26.1  ppt). 
Saline  water  that  had  flooded  into  North  and 
South  Bays  during  the  previous  flood  tide  re- 
mained after  ebb  since  flushing  was  less  active 
in  these  embayments.  Other  than  the  detection 
of  the  western  migration  of  harbor  water  during 
ebb  and  the  eastern  movement  of  oceanic  water 
during  flood,  no  additional  circulation  patterns 
were  inferred  from  these  salinity  data. 

Suspended  sediment  patterns  (Fig  33)  were 
complex  The  pattern  northeast  of  the  south  jet- 
ty in  the  vicinity  of  the  hopper  dredge  disposal 
area  during  late  flood  may  have  been  caused  by 
easterly  moving  flood  water  reworking  bottom 


material  and  producing  a zone  of  high  concen- 
tration (15-18.3  mg/I).  If  currents  reworked  bot- 
tom sediments  and  were  observed  on  the  sur- 
face, there  would  have  to  be  upwelling. 
Salinities  shown  on  Figure  32a  and  water  column 
data  (Fig.  34)  do  not  indicate  upwelling.  Barrick 
(1976)  reports  that  upwelling  occasionally  oc- 
curs in  local  areas  (generally  near  the  harbor  en- 
trance) when  the  meteorological  conditions  are 
proper.  This  zone  of  high  concentration  could  be 
due  to  wave  action  over  the  inner  bar  or  turbid- 
ity from  shore.  Other  general  patterns  observed 
include:  lower  concentrations  were  found  in  the 
middle  of  the  harbor  entrance,  concentrations 
were  higher  nearer  the  north  and  south  shores, 
higher  concentrations  occurred  in  shallower 
areas  where  tidal  flat  sediments  were  resuspend- 
ed, and  concentrations  were  lower  farther  up  the 
navigation  channel  towards  Aberdeen  during 
flood  although  greater  variability  in  concentra- 
tions occurred  during  ebb  in  this  area. 

Temperature,  salinity  and  suspended  sedi- 
ment data  were  acquired  from  the  water  column 
stations  during  early  ebb  (Fig.  34a)  [approximate- 
ly 0.5  hours  after  high  water  slack  and  2 hours 
before  maximum  ebb  currents  (Table  VIII)]  and 
during  late  ebb-early  flood  (Fig.  34b)  [from  ap- 
proximately 1 to  0.6  hours  before  low  water 
slack  (Table  VIII)]  on  10  July  1974.  Water  column 
data  were  also  acquired  during  early  ebb  (Fig. 
35a)  [from  approximately  the  time  of  high  water 
slack  to  0 7 hours  after  high  water  slack  (Table 
VIII)]  and  during  early  flood  (Fig.  35b)  [from  ap- 
proximately 0.3  hours  before  to  0.4  hours  after 
low  water  slack  (Table  VIII)]  on  11  July  1974 

Temperatures  showed  very  little  change  from 
the  surface  to  near  the  bottom  at  stations  2,  3 
and  5 during  early  ebb  (Fig.  34a).  At  stations  6, 18 
and  19  temperatures  were  more  variable  at  the 
surface  and  at  depth.  Data  at  station  6 showed  a 
1 °C  (1  8°F)  drop  from  the  surface  to  9.1  m (30  ft), 
then  a 1°C  (1  8°F)  rise  from  9.1  to  16.1  m (30  to 
53  ft).  The  greater  variability  may  have  been  a 
result  of  more  mixing  between  oceanic  and  har- 
bor water  at  the  more  eastern  stations.  Surface 
salinities  were  lower  than  those  at  depth  at  all 
stations  Variations  in  suspended  sediment  con- 
centration were  more  pronounced,  but  not  con- 
sistent, below  the  surface  at  stations  2,  5,  and  19, 
where  concentrations  were  lower  nearer  the  bot- 
tom. At  stations  3,  6,  and  18,  concentrations 
were  higher  nearer  the  bottom  The  highest  near 
bottom  concentration  (27  mg/I)  was  found  at  sta- 
tion 18 
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a.  Late  flood  — early  ebb. 

Surface  temperature  distribution,  7 7 July  1974. 


Figure  31  (corn'd).  Surface  temperature  distribution,  11  July  1974. 
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a.  Late  flood  — early  ebb. 

Surface  salinity  distribution,  7 7 luly  1974. 


Surface  salinity  distribution  7 7 luly  79 74 


Surface  suspended  sediment  distribution,  71  lul y 79 74. 


b.  Late  ebb  — early  flood 

Figure  33  fcont'dj.  Surface  suspended  sediment  distribution.  11  luly  1974 
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Temperature  variations  were  greater  at  the 
surface  and  at  depth  during  late  ebb-early  flood 
(fig  14b)  than  during  early  ebb  (Fig  44a) 
Temperatures  varied  the  most  at  the  eastern  sta- 
tions All  temperatures  decreased  with  depth, 
although  at  station  2 the  temperatures  increased 
slightly  from  TO  to  6T  m (TO  to  20  ft)  after 
decreasing  from  the  surface  to  4 0 m (10  ft) 
Salinities  at  stations  2 and  4 were  virtually  iden- 
tic al  with  only  minor  change  from  surface  to  the 
bottom,  while  salinities  between  stations 
located  farther  into  the  harbor  were  more 
variable  Suspended  sediment  concentrations 
with  depth  were  more  variable  than  temperature 
or  salinity  There  did  not  appear  to  be  any  dis- 
cernible relationships  or  patterns  in  the  concen- 
trations other  than  high  variability  below  the  sur- 
face The  i one  entrations  were  higher  at  the  bot- 
tom than  at  the  surface  at  stations  2,  4 and  5,  at 
stations  b,  18  and  T9  concentrations  were  equal 
or  less  at  the  bottom 

Water  stratification  in  the  harbor  entrance 
was  not  pronounced  although  there  appeared  to 
be  slight  changes  in  temperature  and  salinity 
data  at  depths  between  J 0 and  4.5  m (10  and  15 
tt)  at  station  5 The  water  column  generally  ap- 
peared well  mixed  at  all  stations  during  the  dif- 
ferent tidal  stages 

Data  ac quired  during  early  ebb  (Fig  45a)  on  11 
luly  1974  were  more  variable  than  those  ac- 
quired on  111  luly  (Fig  44a)  during  the  similar 
tidal  stage  Surface  temperature  and  salinity 
measurements  between  stations  6,  18  and  19 
varied  more,  while  values  at  depth  varied  less  on 
10  luly  1974  Suspended  sediment  values  were 
variable  and  showed  no  discernible  patterns 

Data  trom  stations  2 and  4 during  early  flood 
on  11  luly  1974  (Fig  45b)  showed  minor  dif- 
ferences and  variation  with  depth  Salinities 
were  virtually  identical  at  stations  6,  18  and  19, 
while  more  variability  in  temperature  and  sedi- 
ment concentrations  was  observed  between  sta- 
tions at  these  sites  Stratification  was  not  promi- 
nent on  1 1 luly  1974  at  the  sites  although  a zone 
of  minor  r Flange  was  defined  between  4 6-  and 
7 6 m (12-  and  25-  ft)  depths  Frequently,  surface 
temperature  and  salinity  values  were  very 
similar  to  those  at  depth 

Other  types  of  shipboard  surveys,  not  per- 
formed for  this  demonstration  project  specifical- 
ly, are  tide  and  current  surveys  These  provide 
circulation  data  for  the  surface  and  at  depth 
These  surveys  are  usually  performed  with  sta- 
tionary tidal  gauges  and  current  meters  Occa- 


sionally drifting  drogues  are  used  for  determina- 
tion of  current  velocities  and  directions  Such 
surveys  are  routinely  performed  by  the  National 
Ocean  Survey  for  navigational  chart  revision 
and  for  preparation  of  tide  and  tidal  current 
tables  Beverage  and  Swecker  (1969)  performed 
a current  survey  as  part  of  an  environmental 
quality  study  of  Grays  Harbor  Brogdon  (1972a) 
and  Brogdon  and  Fisackerly  (1974)  reported  the 
results  of  tide  and  current  surveys  accomplished 
as  verification  and  base  tests  for  the  Grays  Har- 
bor hydraulic  model  These  data  were  used  in 
addition  to  the  temperature,  salinity  and 
suspended  sediment  data  in  comparing  the 
validity  of  interpretations  made  from  remote 
sensing  techniques 

Hydraulic  modelling 

Surface  current  studies  were  made  of  the  har- 
bor entrance  area  with  time-exposure 
photographs  of  confetti  floating  on  the  water 
surface  Photographs  were  acquired  every  hour 
through  a tidal  cycle  (24  8 hours)  and  movement 
of  confetti  was  used  to  determine  current 
velocities.  Dye  dispersion  studies  were  also  done 
at  various  depths  and  locations  to  simulate 
pollutant  dispersion 

Surface  circulation  patterns  near  maximum 
ebb  in  the  model  (Fig  46a)  were  similar  to  those 
observed  on  the  RS-14  imagery  during  the  same 
tidal  stage  south  of  Whitcomb  Flats,  east  of 
Westport  and  in  the  eastern  South  Channel  (Fig 
10).  Currents  in  the  eastern  channels  (Fig  46b) 
were  also  comparable  Currents  observed  during 
early  ebb  (2  hours  earlier  than  in  Figure  4bb)  in 
the  eastern  harbor  are  shown  in  Figure  47  Sur- 
face current  patterns  were  apparent  only  near 
the  north  and  south  jetties  on  the  RC-8 
photographs  acquired  on  14  luly  1974  (Fig  7) 
Tidal  stage  was  early  flood  just  after  low  water 
slack  and  water  movement  was  minimal  The 
currents  near  the  ends  of  the  jetties  as  observed 
on  the  photographs  were  virtually  identical  to 
those  in  the  model  for  a similar  tidal  stage  (Fig 
48)  Variations  in  the  color  of  the  surface  waters 
were  insufficient  to  discern  circulation 
elsewhere  on  the  photographs 

Surface  currents  in  the  area  near  the  harbor 
entrance  observed  on  the  Zeiss  photographs  dur- 
ing late  flood  nearly  at  high  water  slack  (Fig  11) 
were  comparable  to  those  shown  in  the  model 
(Fig  49a).  The  areas  of  minor  movement  near  the 
north  side  of  the  south  jetty,  just  east  of 
Westport,  and  west  of  Damon  Pt  , and  currents 
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current  pattern',  in  Grays  Harbor  model  during  late  Hood 


Figure  39  (cont 


through  the  entrance  (currents  observed  on 
photographs  were  more  northeasterly  than  in  the 
model),  into  South  Bay,  and  up  South  Channel 
were  observed  on  the  photographs  The  path 
taken  by  the  flooding  water  up  Crossover  chan- 
nel in  the  model  was  not  observed  on  the 
photographs  The  water  appeared  to  move  over 
the  tidal  flats  and  did  not  appear  to  be  directed 
through  the  tidal  channels  as  seen  in  the  model 
With  few  exceptions  currents  in  the  eastern  har- 
bor (Tig  39b)  were  generally  similar  to  those 
observed  on  the  photographs  (Fig  11)  Currents 
over  the  tidal  flats  southwest  of  Rennie  Island 
and  nearshore  westerly  currents  along  the  south 
coast  of  South  Channel  which  were  apparent  on 
the  photographs  did  not  form  in  the  model  Seat- 
tle District  personnel  report  that  there  was  not 
enough  water  in  the  model  at  this  location  for 
the  confetti;  also  the  channel  is  very  narrow  here 
and  boundary  effects  in  the  model  could  cause 
inaccurate  patterns. 

Surface  currents  during  mid-flood  just  before 
the  time  of  maximum  flood  currents  as 
delineated  from  M‘S  imagery  (Fig  14)  were  com- 
parable to  the  model  results  (Fig  40).  The  diverg- 
ing currents  just  northeast  of  Westport  where  a 
portion  goes  into  the  South  Channel  and  the 
other  goes  into  South  Bay  at  Whitcomb  Flats 
were  observed  on  the  imagery  (Fig  40a).  The 
northeasterly  currents  past  the  mouth  of  the 
Johns  River  were  also  delineated.  Currents  in  the 
eastern  harbor  (Fig  40b)  were  similar  except  near 
the  Hoquiam  Slips  1 and  2 A westerly  nearshore 
current  was  apparent  on  the  imagery  but  not 
formed  in  the  model. 

The  dye  drogues  released  south  of  Moon 
Island  (Fig.  16)  during  the  time  of  maximum 
flood  moved  in  patterns  similar  to  those  on 
Figure  40b  Dye  streams  from  stationary  buoys 
and  the  patterns  in  which  the  dye  drogues 
moved  at  the  harbor  entrance  during  maximum 
flood  and  ebb  were  also  comparable  to  the 
model  surface  current  directions  for  similar  tidal 
stages  (Fig  40a  and  3ba,  respectively),  except 
that  model  flow  was  more  eastward  than  north- 
easterly as  shown  on  the  photographs.  Near  the 
south  jetty  the  dye  drogues  moved  westerly 
along  the  jetty  during  ebb  as  did  the  confetti  in 
the  model  (Fig  3ba)  During  flood  the  drogues 
moved  northeasterly  out  of  the  quieter  area  near 
the  jetty  into  the  main  flood  stream  This  was 
also  comparable  to  the  patterns  formed  in  the 
model  (Fig  40a) 


Comparison  of  results 

Data  reliability 

The  most  useful  remote  sensing  data  products 
for  circulation  studies  were  the  low  altitude 
photographs  of  the  stationary  dye  streams  and 
drifting  dye  drogues,  and  the  night  thermal  im- 
agery The  RC-8  or  Zeiss  22  8b-cm  x 22  8b-cm 
(9-in  x 9-in  ) color  and  OR  photographs  were 
most  useful  for  mapping  the  distribution  of  inter- 
tidal habitats  The  data  on  current  velocities  and 
directions  acquired  from  the  dye  studies  com- 
pared favorably  with  the  data  acquired  from 
shipboard  surveys  and  published  reports.  The 
maps  of  circulation  patterns  prepared  from  the 
N<\$A  photographs  were  not  as  reliable  as  those 
prepared  from  the  thermal  imagery  because 
there  was  not  sufficient  difference  in  surface 
water  color  (due  to  turbidity)  to  trace  water 
movement  However,  thermal  differences  and 
surface  patterns  apparent  on  the  night  imagery 
served  as  adequate  indicators  of  surface  circula- 
tion Current  velocity  data  were  not  acquired 
from  this  imagery  but  the  current  patterns 
mapped  from  the  thermal  imagery  were  general- 
ly comparable  to  those  observed  in  the 
hydraulic  model. 

The  circulation  patterns  inferred  from  the 
maps  of  surface  temperature,  salinity  and 
suspended  sediments  in  the  area  near  the  harbor 
entrance  (stations  1-25)  were  generally  not  com- 
parable to  the  current  patterns  observed  on  the 
imagery  This  may  be  due  to  rapid  mixing  of  sur- 
face waters  that  have  distinct  temperature- 
salinity  characteristics  prior  to  mixing.  Because 
curren*  velocities  are  high  in  this  area  the 
various  water  types  become  indistinguishable 
and  temperature-salinity  distributions  are 
variable  and  surface  current  patterns  are  dif- 
ficult to  infer. 

The  LANDSAT-1  imagery  was  not  useful  for 
analysis  of  surface  circulation.  Surface  water 
color  differences  were  so  small  that  it  was  dif- 
ficult to  differentiate  water  patterns  from  pat- 
terns resulting  from  bottom  reflection  effects  by 
photointerpretation  techniques.  Computer 
analysis  of  the  radiometric  data  may  provide 
more  information  Coastal  patterns  north  and 
south  of  Grays  Harbor  were  readily  apparent 
and  the  regional  physical  setting  and  geomor- 
phology could  easily  be  delineated,  but  the  har- 
bor appeared  small  and  the  70-m  (231 -ft)  resolu- 
tion on  the  satellite  imagery  proved  inadequate 
for  addressing  the  objectives  of  this  project 
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inure  40  Surface  current  patterns  m C ra.s  Harbor  mode!  during  rrud-ilood 


The  following  are  some  of  the  requirements 
that  must  be  met  for  successful  use  of  remote 
sensing  techniques  in  mapping  salt  marsh 
vegetation  and  eelgrass: 

(1)  Photo  flights  must  be  made  during  lowest 
possible  tide 

(2)  For  coastal  estuaries,  remote  sensing  data 
should  be  gathered  between  about  1 )une  and 
mid-)uly  for  eelgrass  mapping  This  will 
minimize  confusion  in  interpretation  caused  by 
growth  of  benthic  algae  on  tidal  flats 

(3)  Cround  truth  data  collection  costs  and 
time  can  be  minimized  by  contracting  with  in- 
vestigators who  are  thoroughly  familar  with  the 
study  area 

(4)  Mapping  of  underwater  vegetation  will  not 
be  possible  with  standard  usage  of  aerial  in- 
frared film  with  Wratten  1 2 filter  Use  of  a filter- 
ing system  designed  specifically  for  underwater 
resolution  will  probably  reduce  resolution  of 
upland  vegetation  types 

Three  types  of  aerial  photographs  were  used 
in  mapping  Grays  Harbor  intertidal  habitats: 
NASA  color  infrared,  color  (Washington  Depart- 
ment of  Game),  and  black  and  white  The  black 
and  white  photographs  were  most  readily 
available  and  were  of  sufficient  quality  to  be 
useful  for  detailed  study  However,  the  CIR 
photographs  provided  the  best  means  of  mapp- 
ing eelgrass,  although  they  were  acquired  during 
a +0  9 m (3  ft)  low  tide  when  much  of  the  Z. 
marina  beds  were  inundated  CIR  photographs 
would  have  been  ideal  for  mapping  and  deter- 
mining eelgrass  extent  in  Grays  Harbor  if  taken 
under  precisely  the  right  tidal  conditions  (during 
an  extreme  low  water  tidal  stage) 

The  CIR  photographs  also  provided  the  most 
discernible  views  of  salt  marsh  vegetation  Very 
subtle  changes  in  plant  species  composition 
were  detected  However,  a major  difficulty  in 
mapping  with  the  CIR  photographs  was  caused 
by  the  wide  range  of  exposures  encountered  be- 
tween photographs  This  made  it  very  difficult  to 
develop  signatures  for  particular  marsh  types 
based  on  shades  of  color  In  other  words,  on  any 
one  photograph  salt  marsh  species  composition 
changes  were  easily  discerned  Problems  were 
encountered  in  observing  areas  from  one 
photograph  to  another  as  varying  degrees  of  ex- 
posure caused  color  shifts. 

Color  photographs  were  not  useful  for 
eelgrass  mapping,  and  were  not  used  for  this  pur- 
pose For  classification  and  mapping  of  salt 
marsh  vegetation  they  were  comparable  to  CIR 


photographs  I hey  had  the  added  advantage  of 
not  showing  the  effects  of  variable  exposure  be- 
tween photographs.  Signatures  were  muc  h easier 
to  develop  and  were  useful  on  all  color 
photographs 

Estimates  of  the  amount  of  time  required  to 
prepare  a map  (Fig  24)  of  eelgrass  and  marsh- 
lands without  aerial  photographs  indicate  that 
the  approach  discussed  here  was  more  cost  ef- 
fective and  would  take  considerably  less  time: 
for  eelgrass  mapping,  20  man-days  with  aerial 
photographs,  90  man-days  without,  for  marsh- 
land mapping,  35  man-days  with  photographs, 
135  man-days  without 

Two  estimates  of  the  extent  of  Whitcomb 
Island  vegetation  were  made  One  estimate,  0 02 
km'  (5  2 acres),  was  derived  using  a polar 
planimeter  and  the  NASA  CIR  photographs  An 
estimate  for  1975  was  determined  by  pacing  the 
vegetation  area  The  area  was  411  51)  X 45  73  m 
(1350  x 150  ft)  or  0018  km'  (4  6 acres)  (here 
were  approximately  0 02  km'  (5  acres)  of  dune 
vegetation  developed  on  Whitcomb  Island  by 
1975 

According  to  USACF  topographic  data  for 
1968  there  are  0 057  km' (14  acres)above  +2  1 m 
(7  ft)  but  none  over  +2  7 m (9  ft)  I he  0 02-km' 
(5 -acre)  dune  area  in  1975  was  estimated  to  be 
above  + 3 9 m (13  ft)  It  was  estimated  by  pacing 
that  approximately  0 06  km'  (15  acres)  were 
above  the  highest  driftwood  line 

An  estimate  of  the  effort  needed  to  complete 
the  eelgrass  and  salt  marsh  mapping  with  and 
without  aerial  photographs  was  provided  to 
evaluate  the  two  approaches  These  estimates 
are  only  approximations  since  only  the  method 
using  aerial  photographs  was  used  during  the 
study  Costs  of  equipment  were  not  considered 

For  mapping  of  eelgrass,  approximately  10 
man-days  were  required  in  the  field  to  check 
eelgrass  conditions  with  the  photographs  An 
additional  10  man-days  were  required  to  transfer 
information  from  photographs  to  the  map  In 
contrast,  it  was  estimated  that  to  produce  a 
comparable  map  of  eelgrass  in  Grays  Harbor 
using  boat  and  field  survey  techniques  would  re- 
quire at  least  80  man-days  for  the  field  work 
Transferring  field  notes  to  the  map  would  prob- 
ably require  at  least  an  additional  10  man-days 

Approximately  20  man-days  were  required  for 
field  work  to  develop  and  verify  the 
photographic  signatures  required  in  mapping 
salt  marsh  vegetation  from  the  aerial 
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Table  XVI.  Characteristics  of  and  estimated  costs  for 
the  two  methods  of  data  collection. 


Remote  sensing Conventional  shipboard 


Aircraft  rental:  $200  $ 1000/hr* 

Image  processing:  $ 1 5 00/200  exposures*  * 

Limited  sea-truth  data  collection  with  a 
small  boat;  boat  costs,  $ l00-$300/day 
Imagery  analysis,  variable  man-monlhstt 
Shows  regional  relationships,  a synoptic 
view  and  large  a tea 

Local  differences  between  processes  are 
observed 

•Depends  on  aircraft  si/e;  aircraft  would  be  selected  based  on  area  to  be  covered,  altitude  re- 
quirements and  types  of  imagery  to  be  acquired, 
f Depends  on  boat  si/e  and  whether  an  operator  is  included. 

**for  22.86-cmX 22.86*cm  (9-in.X 9-in.)  format  film  transparencies;  less  for  smaller  format 
photographs;  high  altitude  processed  imagery  was  provided  b\  NASA  as  part  of  the  project, 
t f Depends  on  amount  of  imagery  or  data  acquired. 

***lhe  accuracy  requirement  must  be  determined  for  the  particular  applications. 


boat  costs,  $100  $ .U)0/da\  f 

Data  collection  can  take  5-7  times  longer 

Data  reduction/analysis,  variable  man  monthsf  f 

Data  not  synoptic,  show  only  site  conditions 
Data  more  accurate,  but  processes  between  data 
stations  must  be  extrapolated*** 


photographs  Another  15  man-days  were  re- 
quired to  map  and  calculate  extent  of  the 
various  types  Mapping  the  salt  marshes  com- 
pletely from  the  ground  would  probably  require 
at  least  120  man-days  in  the  field  (minimum  of  4 
trained  people  for  a 3-month  field  season). 
Calculating  extent  of  various  types  from  the 
completed  map  would  require  15  man-days. 

Estimated  accuracy  of  the  vegetation  mapp- 
ing is  ±0  0041  km'  (±1  acre)  for  each  discrete 
marsh  or  eelgrass  bed  mapped  A vegetational 
unit  of  less  than  1 acre  in  size  is  not  shown  on 
Figure  24  Personnel  at  the  Seattle  District  con- 
sider the  reliability  of  the  mapping  to  be  ex- 
cellent The  reliability  of  most  maps  is  directly 
related  to  familiarity  of  the  investigators  with 
the  study  area;  i.e.,  the  better  and  more  com- 
prehensive the  ground  truth  information,  the 
better  the  reliability  of  photointerpretations. 

Costs  benefits 

A cost  comparison  between  data  collection 
techniques  from  aboard  ship  and  from  an  air- 
craft and/or  satellite  is  difficult  to  make  because 
specific  project  requirements  would  determine 
the  most  appropriate  methods  of  obtaining  data 
This  project  was  designed  to  demonstrate  the 
utility  of  remote  sensing  techniques  in  acquisi- 
tion of  circulation  data  and  in  g inter- 

tidal habitats.  Aircraft  imagery  proved  to  be  a 
reliable  tool  in  obtaining  a synoptic  view  of  the 
dynamic  surface  water  currents  and  in  mapping 
habitat  distributions 


For  comparison  purposes,  Table  XVI  shows 
some  generalized  characteristics  of  and 
estimated  costs  for  the  two  methods  of  data  col- 
lection It  is  extremely  important  to  realize  that 
remote  sensing  techniques  must  be  used  in  con- 
junction with  conventional  ground  surveys  It  is 
likely,  depending  on  project  requirements,  that 
the  number  of  ground  surveys  can  be  reduced 
when  remote  sensing  techniques  are  used  as  a 
tool  along  with  the  standard  techniques  Remote 
sensing  techniques  are  most  useful  when  circula- 
tion studies  are  made  in  large  areas,  when 
repetitive  data  are  required,  and  when  regional 
synoptic  relationships  are  investigated 


CONCLUSIONS 

Advantages  and  disadvantages 

Remote  sensing  techniques  have  several  ad- 
vantages I he  dynamic  processes  on  and  near 
the  water's  surface  within  a large  area  can  be 
observed  simultaneously  Thermal  imagery 
proved  to  be  very  useful  in  providing  an  over- 
view of  the  circulation  within  a large  area  and  in 
conducting  a reconnaissance  type  circulation 
study  Color  photographs  of  dye  dispersion  and 
drogue  movement  were  the  most  useful  in  pro- 
viding detailed  site  specific  < ireulation  informa- 
tion Comparisons  of  the  processes  between 
locations  can  be  made  for  a particular  instant 
More  detail  is  available  than  on  maps  prepared 
from  field  data  and  shipboard  techniques  can 
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only  provide  data  tor  a spot  ifn  lot  ation  at  an  in- 
slant  Processes  active  between  stations  must  be 
extrapolated  or  assumed  When  used  together, 
the  remote  sensing  and  ground  survey  tech- 
niques provide  data  that  allow  a fuller  view  of 
the  processes  or  area  under  investigation  than 
would  be  observed  using  only  one  approat  h Im 
agery  can  be  acquired  repetitively  in  less  time 
than  repetitive  shipboard  surveys  Remote  sens- 
ing provides  a permanent  record  of  the  pro- 
cesses at  the1  time  ot  image  acquisition  In  addi- 
tion, the-  processes  active  during  varying  tidal 
and  seasonal  conditions  e an  be1  readily  ob- 
served 

There  are  several  disadvantages  ot  using 
remote  sensing  techniques  Geometric  distor- 
tions and  scale  variations  are  inherent  in  the  im- 
agery These  limitations  should  be  considered  in 
determining  linear  distances  from  photographs 
Since  scale  variations  and  geometric  distortions 
increase  from  the  central  to  the  peripheral  por- 
tions of  an  image,  if  geometrically  corrected 
photographs  are  not  available,  measurements 
can  be  made  in  the  middle  portion  of  the  image 
where  distortions  are  minimal  However,  utiliz- 
ing geometrically  corrected  and  rectified  im- 
agery to  greatly  reduce  the  measurement  errors 
that  result  from  distortions  is  the  best  approach 
Acquisition  of  useful  aerial  photographs  is 
restricted  to  clear  weather  or  scattered  cloud 
conditions  In  addition,  when  weather  condi- 
tions are  windy,  acquisition  ot  useable 
photographs  is  increasingly  more  difficult 
However,  in  windy  conditions  acquisition  of 
data  during  ship  surveys  may  also  be  restnc  ted 
or  eliminated  During  data  collection  (*>- 1 f Inly 
1974)  by  personnel  from  Grays  Harbor  College, 
surface  conditions  were  windy  and  several  sta- 
tions near  Damon  Pt  could  not  be  rear  bed 
because  of  high  breakers  and  excessive  surface 
roughness  Generally,  data  collected  from  im- 
agery may  not  be  as  accurate  as  data  acquired 
from  ship  surveys  Also,  the  types  of  remote 
sensing  data  evaluated  during  this  investigation 
are  limited  to  surface  conditions. while  data  ac- 
quired in  shipboard  surveys  are  not  Therefore, 
the  requirements  and  objectives  of  an  investiga- 
tion must  be  considered  in  determining  the  ap- 
plication of  remote  sensing  techniques  These 
techniques  can  be  convenient  and  useful  tools  in 
accomplishing  project  objectives 

Applications 

A number  of  applications  in  earth  resources 


Tabic  XVII,  Applications  of  aircraft  and  satellite 
imagery. 

A.  Use  in  developing  •»  data  have  lor: 

1.  Preliminary  site  selection 

2.  C oastal  /one  management  decisions 

3.  Channel  and  harbor  maintenance  schedules 

4.  Regional  environmental  interpretations 

5.  Ecosystem  protection  decisions 

6.  Environmental  impact  statements 

B.  Augment  preparation  and  revision  ol  hydrogiaphic  and 
navigation  charts 

C.  Acquire  engineering  design  data 

0.  Interpret  coastal  processes 

L.  Improve  thematic  mapping 

\ . Monitor: 

1.  Estuarine  circulation 

2.  Dispersion  ol  pollutants 
.1.  Movement  of  sea  ice 

4.  Sediment  distribution 

5.  I ish  migration 


studies  for  which  data  acquired  by  aircraft  and 
satellites  could  be  used  were  recognized  during 
this  investigation  (Table  XVII)  Additional 
references  to  proven  applications  in  a wide 
variety  of  earth  resources  investigations  are 
numerous  in  the  literature  Rather  than  cite 
these  references,  the  following  list  gives  a tew  of 
the  Congressional  arts  which  form  the  basis  tor 
the  principal  civil  works  mission  responsibilities 
of  the  Corps  of  Engineers  for  which  remote 
sensing  data  may  be  useful 

1 Water  and  land  conservation 

federal  Water  Project  Recreation  Ac  t,  1965 
Land  and  Water  Conservation  Act.  1965 
Outdoor  Recreation  Act,  196  T 
Tstuarine  Study  Act  — Inventory  ot  T stu 
aries,  T%8 

2 I nvironmental  impacts 

National  Environmental  Policy  Act.  1969 
T Maintenance  ot  waterways,  shorelines  and 
beaches: 

River  and  Harbor  Act.  1962-1968 
Coastal  Zone  Management  Ac  t.  1972 
4 Water  quality 

Clean  Water  Restoration  Act.  1966 

Tish  and  Wildlife  Coordination  Act, 

1946-1958 

Federal  Water  Pollution  Control  Ait, 
1948-1972 

Water  Quality  Ac  t.  I9<,5 

Marine  Protec  tion.  Roseau  h and  Sam 

tuaries  Ac  t.  1972 
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The  utility  of  aircraft  and  satellite  imagery  in 
meeting  some  of  these  responsibilities  has  been 
demonstrated  or  suggested  by  this  or  related  in- 
vestigations 


RECOMMENDATIONS 

Based  on  the  results  of  this  demonstration 
project,  one  primary  recommendation  is  war- 
ranted Remote  sensing  techniques  can  provide 
a regional  perspective  not  obtainable  with  sur- 
face shipboard  surveys  alone  The  data  acquired 
from  interpretation  of  imagery  can  be  as  useful 
as  data  obtained  from  extensive  field  surveys 
Therefore,  these  techniques  should  be  seriously 
considered  and,  when  determined  appropriate, 
used  to  augment  conventional  techniques  in  the 
collection  of  data  for  operational  Corps  of 
Engineers  projects 
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